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INTRODUCTION 
In Iowa, as well as several other midwestern states, 
secondary wastewater treatment has been the accepted norm for 
most communities for many years. Either trickling filters or 
activated sludge processes are used for treating municipal 
wastewater in plants that typically remove 80 to 90 percent of 
the carbonaceous BOD in the summer, and 70 to 80 percent in the 
winter. Although a trickling filter plant is generally less 
efficient than an activated sludge plant, a trickling filter 
requires less operator skill and attention. Primarily for 
this reason, use of trickling filters has been encouraged by 
State regulatory agencies, and a majority of the secondary 
wastewater treatment plants located in the midwestern states 
are trickling filter plants. 
Increased wastewater loads generated by community growth, 
and incrsassd public demands for clean streams were collectivclv 
responsible for the inadequate performance of many plants in 
the late 1960's. Decision makers faced a common dilemma of 
expanding or replacing the existing plant. The unique nature 
of each situation made a universal, or common solution an 
impossibility, and several alternatives typically were con­
sidered. For example, an engineer often recommended more 
trickling filters to serve in parallel with, in series with, 
or in place of the existing trickling filters. Alternatively, 
he sometimes recommended that the trickling filters be 
2 
abandoned and replaced by an activated sludge process. 
The study described in this report was concerned 
exclusively with the use of an activated sludge process in 
conjunction with an existing trickling filter plant. This 
alternative which considers trickling filters and activated 
sludge as partners, working together in a two-stage process 
designed to maximize the advantages and minimize the dis­
advantages of each system, is an appealing possibility that 
has been frequently overlooked. 
Although there are several reports of aci_^.ated sludge 
and trickling filters being used successfully in the same 
wastewater treatment plaint, these reported applications almost 
exclusively have been associated with treating high strength 
industrial wastewater. The true potentials and flexibilities 
of such a combination as a means of expanding an existing 
municipal plant are largely unknown. These unknowns were the 
major concerns during a study of the feasibility of the 
combined use of activated sludge and trickling filters as a 
means of increasing the capacity and performance of an existing 
domestic wastewater treatment plant. 
This study was confined to a pilot plant investigation of 
specific combinations of activated sludge and trickling filter 
processes for the biological secondary treatment of domestic 
wastewater. The work was intended to define the relative 
merits of the parallel and series combinations of the two 
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processes for treating relatively low strength wastewater. 
The joint system may have advantages, including a lower capital 
expenditure for a given increase in an existing trickling 
filter plant's capacity and efficiency, an ability to handle 
shock loads satisfactorily, and plant operation flexibilities 
that facilitate both routine and emergency maintenance and 
repair work. These potentials for consistently producing a 
high quality final effluent, at the lowest possible cost, 
generated the interest and defined the scope for this study. 
It is assumed that the reader is feimiliar with wastewater 
treatment processes. If he wishes to review either activated 
sludge or trickling filter technology, he is referred to 
Babbitt and Baumann (6), and Fair, Geyer, and Okun (25). 
Stewart (80) reviewed activated sludge fundamentals in 1964, 
and Middlebrooks (56) presented a bibliography of trickling 
filter literature in 1968. Imhoff (42) reviewed the history 
of biological treatment in 1954. 
OBJECTIVE AND SCOPE OF STUDY 
Recognition of the potential advantages and limitations 
of activated sludge-trickling filter combinations generated 
the desire to determine if such a combination could be used 
advantageously for expansion of the Ames, Iowa water pollution 
control plant. This study was designed to answer the question: 
"Are two stages of biological treatment feasible for treating 
the relatively low strength domestic wastewater received at 
the Ames water pollution control plant?" It was also hoped 
that the study would indicate the relative advantages of the 
various combination systems, and yield performance data and 
design guidelines of general interest with application to other 
similar situations. 
Since either process can be used as the first stage of a 
two-stage treatment system, and since the processes can also 
be used in parallel, there are three basic combinations of 
interest. However, when one considers the many variations of 
the activated sludge system, including the alternate possi­
bilities for feeding the reactor, aerating the wastewater, and 
returning the sludge, plus the various amounts and types of 
recirculation possible with the trickling filter process, it 
becomes possible to sketch literally hundreds of combination 
activated sludge-trickling filter systems for treating waste­
water. Due to the universal limitations of time and money, 
this study was confined to a pilot plant evaluation of the 
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three systems illustrated in Figure 1. These treatment 
systems will be referred to subsequently as parallel, series 
TF-A, and series A-TF. 
Since only one pilot facility was available for this 
study, it was necessary to observe sequentially the performance 
of the three combination systems shown schematically in Figure 
1. Influent, intermediate, and effluent BOD, COD, and 
suspended solids data were collected throughout the study, 
permitting load and performance comparisons. Whether or not 
a particular combined pilot process could produce the desired 
final effluent quality, at a lower overall cost than an 
exclusively activated sludge or an exclusively trickling 
filter treatment plant, was selected as the measure of 
feasibility. 
As previously mentioned, there are several alternatives 
to consider before any existing treatment facility can be up­
graded. Although this study was limited in scope to an 
investigation of only three joint-system alternatives, this 
is not intended to imply that one of these combinations of 
activated sludge and trickling filters is universally the best 
and only proper way of expanding an existing wastewater 
treatment facility. Regardless of the merits of the combined 
system, there are other factors involved. The desirability of 
continuing to operate a treatment plant at the present site; 
the physical condition, life expectancy, and capacity of the 
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existing treatment units; and the current and anticipated 
future regulatory agency effluent requirements must all be 
carefully considered. Each situation is obviously unique and 
meaningful general statements seem to be an impossibility. 
Thus, this work was not intended to be a solution to every 
wastewater treatment plant expansion question, but was instead 
intended to fill a void in the spectrum of information 




The use of both activated sludge and trickling filter 
processes in the same wastewater treatment plant is not a new 
idea. This combination has been used in many places for 
various reasons. Because of the particular interest in this 
study in three specific combinations of the two processes, the 
literature review is presented in three parts followed by a 
section which gives a general perspective on domestic waste­
water treatment costs. 
Series A-TF System 
The series use of activated sludge units followed by 
trickling filters apparently was the first joint use of the 
two wastewater treatment systems. Martin (55) reported that 
a Colonel Waring, following experiments at Newport, Rhode 
Island from 1892 to 1894- constructed a wastewater treatment 
plant at Wayne, Pennsylvania in which wastewater was aerated 
for several hours prior to treatment on artificial aerated 
filters. This work preceded the invention of the activated 
sludge process (69) by several years and was typical of many 
subsequent attempts by others to modify and/or combine various 
conventional, wastewater treatment processes to treat domestic 
wastewater more economically. 
Tunstall, one of the "Six Towns" of the Borough of Stoke-
on-Trent, was one of the first English communities to consider 
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a genuine combination of activated sludge and trickling filter 
processes for wastewater treatment. An existing conventional 
trickling filter plant was overloaded, and experimental work 
was done on the activated sludge process prior to making a 
plant expansion decision. Makepeace, the Borough sewage 
engineer, reported in 1920 (55) on the plant-scale experiments 
with the activated sludge system. The results were very 
favorable to adoption of activated sludge treatment. It was 
felt, however, that the trickling filters should be included 
as a second line of defense for the satisfaction of the 
Ministry of Health. It was inferred that the trickling filter 
could then be omitted when the reliability of the proposed 
activated sludge process had been demonstrated more fully. 
Final design criteria called for an eight-hour aeration tank, 
and for two cu ft of aeration tank volume for every cu ft of 
trickling filter volume. 
An early indication of the potential of a combined 
activated sludge-trickling filter wastewater treatment system 
was discussed by both Martin (5 5) and Veal (83) . Experiments 
of the Birmingham, Tame and Rea District Drainage Board 
indicated that high-rate activated sludge treatment would 
remove 60 percent of the BOD and also eliminate odor problems 
during subsequent treatment on trickling filters. This so-
called Birmingham process used one hour of aeration followed 
by sedimentation. The settled sludge was re-aerated prior to 
10 
its return to the activated sludge system, while the settling 
tank effluent was applied to trickling filters. 
The use of the activated sludge process in the manner 
employed at Birmingham (at the Minworth plant) became known as 
partial treatment, and Imhoff and Fair (43) said, 
"The activated sludge process is not adapted 
to partial treatment of sewage without modifications, 
because the maintenance of sludge activity is 
inherent in the process. Cost cannot be reduced by 
decreasing the detention period or air supply below 
minimal values. Otherwise the sludge becomes sick 
or inactive and does not settle satisfactorily in 
the final tanks. To prevent this, the sludge must 
be reactivated in separated aeration tanks. 
Since most of the transfer of impurities to 
sludge occurs in the first hour or so of aeration, 
partial treatment plants have been designed to 
operate within this range of activity. The aeration 
tanks are given a detention period of one hour, for 
example, and the sludge settling from the effluent 
is then reactivated in re-aeration tanks for about 
12 hours before it is returned to the process. 
Partial treatment in this form is called biofloccula-
tion. Tank capacities and air consumption are reduced, 
and treatment is cheaper than complete biological puri­
fication. This form of partial treatment has been 
employed successfully in advance of trickling filters." 
Babbitt and Baumann (6) also discussed the partial treat­
ment proce.-s. They reported that 6 0 percent of the total work 
done in six hours of aeration is accomplished in the first 
hour, about 15 percent more in the second hour, and only 10 
percent in the third hour. The amount of work that takes 
place in the last five hours of aeration is no greater than 
that which takes place in the short time required for passage 
through a trickling filter. Although these factors indicate 
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an advantage of a combined treatment system. Babbitt and 
Baumann felt construction of such a plant would not be 
economically feasible, and that its greatest potential was for 
relief of existing overloaded trickling filter plants. 
Martin (55) discussed process costs, and reported that 
it would be economical to limit the activated sludge aeration 
time to about one hour and complete the treatment with 
trickling filters. This was essentially the objective of the 
1912 experiments at Lawrence, Massachusetts where a well 
nitrified and stable effluent was obtained with trickling 
filter loading rates of 8 to 10 mgd/acre. Martin also reported 
that such treatment tends to cleanse a clogged trickling filter 
and eliminate filter ponding problems. He felt the advantages 
of trickling filters as the final stage of purification were 
overwhelming, and that it rarely would pay to abandon existing 
trickling filters. 
Decatur, Illinois was perhaps the first American city to 
use activated sludge and trickling filter processes for 
municipal wastewater treatment in a single flow scheme. 
Experiments in the early part of 1925 showed that high-rate 
activated sludge treatment of the effluent from Imhoff tanks 
would nearly triple the capacity of the existing trickling 
filters. Decatur had a major industry handling starch, glucose 
and other corn products. The waste liquids were at times equi­
valent to the wastewater of more than 300,0 00 people, resulting 
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in a serious overload of the trickling filters. Following the 
1925 experimental work, a full-scale plant was constructed. 
Based on average design flow, the detention period in the 
aeration tanks was 2.5 hours, including an allowance of 10 
percent for sludge return. 
Hatfield (39,40), as a result of his experience at 
Decatur, reported that pre-aeration allowed filter loading 
rates to be increased up to 3.0 to 3.3 mgd/acre and that pre-
aeration cured filter ponding. Although Hatfield used the 
term "pre-aeration", he also returned sludge to the aeration 
tanks as in an activated sludge process. 
From August, 1927, to October, 1929, experimental work 
was conducted on the use of short-period activated sludge 
treatment (0.9 to 2.73 hours of aeration) prior to wastewater 
treatment on a small trickling filter at the Des Plaines River 
sewage treatment works of the Sanitary District of Chicago (1). 
The filter loading could be increased to 5.0 mgd/acre from 
2.3 mgd/acre and still obtain practically the same degree of 
treatment. Similar tests were conducted at the Calumet sewage 
treatment works of the Sanitary District of Chicago from 
September, 1928, to August, 1929, with a 0.74 acre trickling 
filter. 
Miller (57) reported on the use of bacterial filters at 
Reading, England for the further purification of the effluent 
from a partial-treatment activated sludge plant. Following 
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pilot plant study, the existing activated sludge plant was 
converted to a partial-treatment activated sludge process 
followed by trickling filters. Regulatory agency requirements 
for this plant were a final effluent with BOD and suspended 
solids of 20 mg/1. 
In 1936/ Rudolfs (68) discussed an application of 
trickling filters and activated sludge at the Calder Vale works 
of Wakefield, England. The wastewater formerly was treated 
separately using either trickling filters or activated sludge 
units. Then, the process of activated sludge treatment of all 
wastewater followed by treatment on trickling filters was 
found to give better results. It is interesting to note that 
the process consisted of 17 hours of primary sedimentation, 
parallel flow of the settled wastewater through two paddle-
wheel aeration tanks (each aeration tank had a total length of 
0.75 mile) and application of the activated sludge effluent at 
a rate of 1.2 to 2.7 mgd/acre onto a battery of 16 trickling 
filters with a total surface area of over eight acres. 
Edmondson and Goodrich (23,15) reported in 1943 on the use 
of activated sludge treatment followed by trickling filters at 
the Coisley Hill Works in Sheffield, England. Once again 
there was a problem of an overloaded treatment plant and an 
answer to the plant expansion question was needed. The raw 
wastewater had a BOD of 841 mg/1 and the dry weather flow was 
approximately 13 gpd/cap. The wastewater flow was essentially 
domestic in nature. 
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When the existing activated sludge plant began operating, 
the effluent from a superseded trickling filter was used as 
plant influent as a means of hastening the maturity of the new 
activated sludge plant, and a high quality final effluent was 
observed. The idea then occurred to place a nitrifying 
trickling filter, through which a constant rate of plant 
effluent could be recirculated continuously, in series with the 
activated sludge system. The success of this proposal, 
intended to control bulking, depended upon being able to pro­
duce a nitrified filter effluent at a cost below that of 
increased aeration in the activated sludge system. Pilot 
plant work indicated that nitrified trickling filter effluent 
could be produced and that bulking in the activated sludge unit 
did not affect the filter operation. This application was not 
strictly a series use of activated sludge and trickling filters, 
but was instead a hybrid of the A-TF, TF-A and parallel 
systems. 
Evans (24) presented a summary of seven years experience 
with the A-TF process used extensively in Lutton,. England. The 
aeration tank loadings apparently were in the range of 46 to 
33 lb BOD/day/1,000 cu ft and the activated sludge system 
removed from 48 to 68 percent of the applied BOD load from 
1948 through 1954. Flows in excess of 14.4 mgd were bypassed 
around the activated sludge system and applied directly to 
rectangular trickling filters. 
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The trickling filters were six ft deep and contained 
1,215,000 cu ft of clinker media. The wastewater (activated 
sludge process effluent) was applied with traveling distri­
butors driven by the applied wastewater. They were dosed an 
average of once every ten minutes, but the rest period was 
twice as great at the ends of the bed as it was at the center. 
The annual performance data presented indicated that the 
trickling filter received a hydraulic loading of 1.27 to 2.08 
mgd/acre and an organic load of 2.5 to 5.7 lb BOD/day/1,000 cu 
ft. The trickling filters and final settling tanks removed 
between 65 and 79 percent of the applied BOD and produced an 
effluent BOD of 11 to 27 mg/1. 
This plant also had parallel microstrainers and sand 
filters to insure a high quality final effluent. 
Frame (27,28) reported on the use of activated sludge 
followed by trickling filters for "refining" refinery wastes 
in 1955. The Trafalgar Refinery of the Cities Service Oil 
Company in Bronte, Ontario used two-stage biological treatment 
of a wastewater flow of 300 gpm. Phenols and waste oils were 
the main problems and the treatment consisted of flocculation, 
settling, aeration, plastic media trickling filtration and 
secondary sedimentation. Aerobic sludge digestion was also 
used. 
In 1956, a report by Howe and Paradiso (,41) mentioned the 
use of activated sludge and trickling filters in a pharma­
ceutical wastewater treatment plant at Lafayette, Indiana owned 
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by Eli Lilly and Company. The treatment system was completed 
in April, 1954 cind included modified activated sludge followed 
by high rate trickling filters, clarification and separate 
anaerobic sludge digestion. It was reported that the final 
effluent BOD was in the range of 4.5 to 17.8 mg/1 with total 
suspended solids of 20 to 40 mg/1. The BOD of the raw waste­
water apparently was greater than 1,400 mg/1. 
Lackey, Calaway, and Morgan (48) reported on the use of 
activated sludge and trickling filters for treating citrus 
waste at Winter Haven, Florida. Citrus wastewater has a low 
pH, low phosphorous and nitrogen, and a high carbon content. 
The wastewater could be treated successfully with biological 
processes by diluting the citrus wastewater with domestic 
wastewater to a maximum BOD of 3,500 mg/1, adding nutrients 
and using lime to adjust the pH. This process was successful 
on both a laboratory and pilot plant scale, although sludge 
bulking problems were encountered. Due to the high cost of 
the required trickling filter, the authors suggested that 
lagoon treatment was a more satisfactory secondary biological 
process. 
In 1963, the following statement was made in the course 
notes for the fourth European course in sanitary engineering 
at Delft, Holland.^ (Vonder Emde, prominent European 
^Robert L. Johnson, Lehigh University, Bethlehem, 
Pennsylvania, private communication, 19 70. 
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researcher and lecturer, was the instructor for this portion 
of the course.) 
"If a high purification efficiency is required, 
use may be made of a trickling filter after treatment 
in an activated sludge plant. The activated sludge 
plant does the purification work proper whereas the 
trickling filter does the final polishing of the 
sewage. This method also produces an optically 
attractive effluent. A particular advantage with 
small natural water courses is the high content of 
dissolved oxygen in the final effluent. Another 
advantage of this method is that the operation can be 
carried out safely and trouble free. The reverse 
order which is first-stage trickling filter and 
second-stage activated sludge plant, has also been 
applied. However, at several plants, this has not 
proved as good as the former order. With high loads 
of the trickling filter there may occur operational 
drawbacks (clogging, smells). If no final sedi­
mentation tank is arranged between the trickling 
filter and activated sludge plant, the washed out 
trickling filter sludge will have an adverse effect 
on the activated sludge of the activated sludge 
plant. Furthermore, it is difficult to operate an 
activated sludge plant which is fed with very largely 
clarified sewage such as BOD 30 mg/1. On the other 
hand, this is perfectly possible if the trickling 
filter is arranged as a second-stage." 
Allen (2) reported on the use of trickling filters and 
activated sludge together in Leeds, England in 1965. This 
plant consisted of two separate systems: a plant treating 
domestic wastewater and a plant that treated a flow containing 
about 40 percent industrial wastewater. Total plant capacity 
was about 26 mgd. 
Each of the two treatment works consisted of screening, 
grit removal, primary sedimentation, trickling filtration and 
final sedimentation. Insufficient biological treatment and a 
filter fly nuisance problem led to a search for greater 
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treatment efficiency. An activated sludge system was con­
structed and research was conducted to investigate the 
possibilities of using trickling filters and activated sludge 
in the same treatment scheme. The activated sludge system 
consisted of two aeration tanks and a final settling tank. 
The studies indicated that 20 hours of aeration would be 
required for 9 5 percent BOD removal if the activated sludge 
process were to be used alone. This appeared to be an un­
economical way to obtain the required 95 percent BOD removal 
in the secondary treatment system. Eight hours of aeration or 
treatment with the existing trickling filters was found to 
yield equivalent results, but these results fell short of the 
required 95 percent BOD removal. Therefore, a combined 
activated sludge and trickling filter process was investigated. 
Following a review of their experimental data, the 
investigators felt the better way of using activated sludge 
and trickling filters in series was to place activated sludge 
first followed by the trickling filters. No filter flies were 
observed when the plant was operated in this manner, but filter 
flies were a nuisance when primary effluent was applied to the 
trickling filters. The conclusion was that a full-scale 
treatment plant employing activated sludge followed by trickling 
filters would give the desired 95 percent BOD removal. 
A 1966 report (46) from the Institut Fur 
Siedlungswasserwirtschaft Technische Hochschule in Hanover, 
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Germany presented the results of a study at several wastewater 
treatment plants. In each case, the treatment plant included 
an activated sludge process followed by trickling filters. The 
raw wastewater BOD ranged from 114 mg/1 up to 1,370 mg/1 in the 
various plants, and the overall BOD removal achieved with the 
two-stage processes varied from 56 percent to 96 percent. Each 
treatment plant had a significant amount of industrial waste­
water in its influent. 
Willimon and Andrews (86) presented a paper in 1969 that 
considered the potential of multistage biological processes for 
wastewater treatment. One example they discussed was the use 
of activated sludge for phenol removal, followed by a trickling 
filter for cyanide removal, followed by another activated 
sludge process for ammonia removal in the treatment of gas­
works wastewater. 
Hogenson^ reported in 19 69 on the series use of activated 
sludge followed by trickling filters in Rochester, Minnesota. 
The Rochester plant was designed to provide approximately 
three hours of aeration in the activated sludge system and 
about two hours detention with a design surface overflow rate 
of 985 gpd/sq ft in the intermediate settling tanks. The 
trickling filter design load was 16 mgd/acre, and the design 
flow detention time in the three final settling tanks was 
•^Walter C. Hogenson, City of Rochester, Minnesota, 
private communication, 19 69. 
20 
about 1.5 hours, with a corresponding surface overflow rate of 
approximately 800 gpd/sq ft. Operation of this expanded 
treatment plant began in October of 1968. Early performance 
data indicated that the plant had a final effluent BOD of 12 
mg/1. From his experience with the combined process, Hogenson 
preferred to have the activated sludge process precede the 
trickling filter, since this arrangement appeared to help 
reduce the filter fly problem in Rochester. He also felt the 
reverse order; that is, trickling filter followed by activated 
sludge, would perhaps not be satisfactory due to an adverse 
effect of some trickling filter organisms on the activated 
sludge process. 
In early 19 72, the raw wastewater at the Rochester plant 
had a BOD of approximately 450 mg/1 and the final effluent BOD 
was approximately 20 mg/1. Average daily flows were approxi­
mately 6 mgd. No intermediate process performance data were 
available at the time this report was written. 
The Village of Montgomery, Minnesota^ upgraded its 
existing trickling filter wastewater treatment plant in 1970 
by constructing an activated sludge unit ahead of the existing 
covered trickling filter. The plant operator reported a final 
effluent (10:00 AM grab samples) BOD of less than 10 mg/1. The 
plant influent essentially was typical domestic wastewater and 
•'"Edward Loula, City of Montgomery, Minnesota, private 
communication, 1972. 
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primary settling was not used at the Montgomery plant. The 
trickling filter was perpetuated because it was still 
functional and an additional stage of pumping was not required 
to continue using the filter. Sedimentation of the trickling 
filter effluent was provided in the original rectangular final 
clarifier. 
Johnson^ reported that plans were completed in 1971 for 
the City of Bethlehem, Pennsylvania to expand an existing 12.5 
mgd trickling filter plant by the addition of activated sludge 
before the trickling filters. The new 22.5 mgd plant will 
include eight hours of aeration, intermediate settling, and 
high rate trickling filtration. The high rate trickling 
filters are intended to nitrify the ammonia in the activated 
sludge process effluent. 
Series TF-A System 
After the activated sludge process became accepted and 
widely used for wastewater treatment, many attempts were made 
to enhance and stabilize its efficiency by providing trickling 
filter pretreatment. In 1940, a British patent (37) was 
issued to Joseph E. Griffen for a process having an artificial­
ly aerated trickling filter which preceded an activated sludge 
system. No settling or solids removal was provided between the 
trickling filter and the activated sludge treatment. 
1 
"Robert L. Johnson, Lehigh University, Bethlehem, 
Pennsylvania, private communication, 1972. 
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In 1940, Max Levine (50) reported that trickling filters 
could be used effectively for the removal of large quantities 
of BOD, or for the reduction of excessive fluctuations in 
concentrations of wastes reaching a final process of purifica­
tion such as activated sludge or second-stage trickling filter 
treatment. 
In 1945, a patent (4) was issued to the American Well 
Works in Aurora, Illinois, for a two-stage process covering 
the joint use of trickling filters and activated sludge in the 
same wastewater treatment plant. The patented process included 
the following series of unit operations: primary settling, 
trickling filter, intermediate settling, activated sludge, and 
final settling. Sludge was returned from the final settling 
tank to the aeration tank of the activated sludge system. 
This process was employed successfully at Cedarburg, Wisconsin, 
(3) where the treatment plant was required to handle high-
strength waste from a large pea cannery in addition to the 
domestic wastewater. Operating data during the pea canning 
season of June and July of 19 41 indicated that this treatment 
process removed 94 percent of the suspended solids and 96 
percent of the 30D from the raw wastewater. 
The patent description and discussion contained several 
interesting and perhaps controversial statements. It was 
reported that an activated sludge system removes approximately 
98 percent of the impurities or solids, while the trickling 
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filter process removes only 80 percent. The patented process 
reportedly permitted che advantage of thorough treatment by 
the activated sludge process without the disadvantage of being 
easily upset by shock loads. Economy was possible in spite of 
the apparent duplication since both systems could be smaller 
than either one used alone. 
The ASCE-WPCF Design Manual (85) reported that there were 
about 20 plants constructed between 1940 and 1955 in which 
roughing filters of the recirculating trickling filter type 
were installed between the primary sedimentation basins and a 
conventional activated sludge process. The manual states that 
although such an arrangement probably is not of wide-spread 
application, it may have certain operational advantages in the 
case of activated sludge plants that have proved difficult to 
operate because of highly variable industrial waste loads or 
a generally overloaded condition. 
Fair, Geyer, and Okun (25) also mentioned the use of 
high-rate trickling filters or roughing filters in advance of 
activated sludge. They say the purpose is to let the robust 
trickling filter protect the sensitive activated sludge 
process against shock loads of difficult-to-treat and possibly 
toxic wastes. 
In 1952, Grove City, Pennsylvania (57) increased the 
capacity of their 0.8 mgd activated sludge plant to 2.4 mgd by 
constructing a roughing filter ahead of the existing activated 
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sludge plant. The filter was designed to operate with a 
hydraulic loading of 30 mgd/acre, and a BOD loading of 74 lb/ 
day/1,000 cu ft. An automatic recirculation valve maintained 
a constant flow through the filter. Operating results for the 
first half of 1953 indicated that the primary treatment 
removed 50 percent of the raw BOD load, the trickling filter 
removed about 58 percent of the load applied to it, and the 
activated sludge process removed about 84 percent of its 
applied load, yielding an overall plant BOD removal of approxi­
mately 97 percent. 
Another British process patent (16), issued in 1953 to 
the Dorr Company, covered the use of the following treatment 
units in series: primary settling, trickling filter, and 
activated sludge. The major difference from the American Well 
Works process was the omission of settling between the trick­
ling filter and the activated sludge processes. 
The combined trickling filter-activated sludge process 
has been used in Germany (65): but as with most other applica­
tions, it has most often been adopted when a high-strength 
industrial waste was a part of the raw wastewater. The City 
of iieilbronn, as reported in 1955 ( 63), enlarged their waste­
water treatment plant by conversion to a two-stage process. 
The presence of industrial wastes caused large variations to 
occur in the volume and strength of the raw wastewater. 
Trickling filters were operated at a high rate for first-stage 
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partial treatment. To insure washing out of sludge, a 
hydraulic loading of 20.6 mgd/acre was maintained by returning 
filter effluent to the primary sedimentation tanks and by 
returning settled final effluent to the trickling filter inlet. 
The trickling filter effluent was passed directly to the 
activated sludge tanks without intermediate sedimentation. 
The Sarnia Refinery of Imperial Oil Limited of Sarnia, 
Ontario, as reported in 19 55, made an unusual application of 
activated sludge and trickling filters in a petroleum industry 
wastewater treatment system (31,54,66). This plant was 
designed for the biological oxidation of phenol in wastewater 
having a temperature in the 9 0 to 100®F range. The process 
consisted of a trickling filter followed by an activated 
sludge process. The plant reportedly reduced the phenol con­
centration from 280 mg/1 to 0.20 mg/1. Biological oxidation 
by this process was reported to be a comparatively inexpensive 
way to remove phenol. 
Textile wastewater also has been treated with a combina­
tion of activated sludge and trickling filters. In 1955, 
Souther and Alspaugh (76) reported on a pilot plant study to 
determine whether a wastewater consisting of 40 percent mill 
wastewater and 60 percent domestic wastewater could be treated 
biologically without expensive pre-treatment. The results 
presented indicated that the pilot plant was capable of 
reducing the influent BOD from 471 mg/1 to a value of 230 mg/1 
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in the trickling filter effluent and down to 31 mg/l in the 
activated sludge process effluent. Souther and Alspaugh (75) 
also reported that an odor problem occurred when using 
trickling filter treatment alone and that the activated sludge 
floe absorbed dye and was killed when activated sludge was 
used alone in the treatment process. The results of the pilot 
plant study indicated that the treatment of textile wastewater 
was better when the waste was mixed with domestic wastewater 
than when the industrial waste was treated alone. 
In 1956, two reports were published (29, 64) on a new 
plant at Charlotte, North Carolina- This plant was designed 
to handle a combination of domestic and industrial wastewater 
with an average flow of 10 mgd and a raw BOD of 500 mg/l. It 
was apparently a bio-activation plant, (the patented process 
of American Well Works) and consisted of (in series) pre-
aeration grit removal, flow equalization storage, settling 
tanks, trickling filters, aeration tanks with an eight-hour 
detention time and 40 percent return sludge capability, final 
settling tanks and a chlorination contact tank. The first 
reports indicated that the plant produced a final effluent 
with BOD and suspended solids concentrations of 6 mg/l. 
After several years of operating experience with the 
plant at Charlotte, Dukes (19) presented a soiuewhat detailed 
report on its operating performance. The roughing filter was 
loaded at 35 to 41 mgd/acre during the first five years of 
operation and had BOD loadings of 136 to 156 lb/day/1,000 cu 
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ft. The activated sludge system was loaded at 15 to 20 lb 
BOD/day/100 lb of mixed liquor suspended solids, had aeration 
times of 4.3 to 5.6 hours and a volumetric BOD loading of 17.8 
to 27.3 lb/day/1,000 cu ft. The plant removed more than 90 
percent of the applied BOD loading 90 percent of the time. 
Dukes also observed a temperature effect in the first-
stage roughing filter and found that the roughing filters did 
not control winter bulking of the activated sludge, as did the 
Kraus activated sludge process which involves returning 
anaerobic digester sludge or supernatant to a reaeration tank 
and then to the aeration tank of the activated sludge process. 
In 1957, Vosloo and Finsen (84) described laboratory work 
with the use of an activated sludge process to treat further 
the effluent from trickling filters in Johannesburg, South 
Africa. They were primarily concerned with the nitrification 
potential of the activated sludge process. 
Gilliam and Anderegg (33) reported in 1959 on the use of 
trickling filters followed by activated sludge for treating 
refinery wastes by the Great Northern Oil Company of St. Paul, 
Minnesota. Ammonia compounds, phenolics, mercaptans and 
hydrogen sulfide were present in large quantities in the raw 
waste. It was reported that maximum phenol removal across 
the trickling filter was not desired because of the need to 
have some organic feed remaining for the activated sludge 
process. The activated sludge process was operated with a 
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mixed liquor suspended solids concentration from 3,300 mg/1 
to 11,0 00 mg/1. The temperature of the aeration zone of the 
activated sludge system was maintained at a minimum of SOT 
and phenol reductions of 95 percent were common. The high 
temperature^ of this wastewater led to failure of the original 
plastic trickling filter media. The media was replaced with 
a temperature resistant material, but a subsequent failure of 
the carbon steel container and piping led to abandoning the 
trickling filter. In 1971, the company was using a series of 
aerated lagoons followed by an activated sludge process for 
wastewater treatment. 
Belleville, Illinois (47) was able to handle a sludge 
bulking problem in an existing activated sludge system by 
installing roughing filters between the primary settling tanks 
and the aeration tanks and by converting the activated sludge 
system to the Kraus process. The roughing filters, installed 
in 1950, were able to control the effects of shock loads from 
brewery and slaughter house wastes but did not completely 
control activated sludge bulking problems. In ISSO, the 
activated sludge treatment system was modified to the Kraus 
process. The 1962 operating results for this plant, with a 
raw BOD of 385 mg/1, were as follows: 25.5 percent removal of 
the raw BOD by primary sedimentation; 26.5 percent removal of 
•^Raymond Knutson, Great Northern Oil Company, St. Paul, 
Minnesota, private communication, 1972. 
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the BOD applied to the roughing filters; 93.1 percent removal 
of the BOD applied to the activated sludge system; and 96 per­
cent overall BOD removal through the plant. The mixed liquor 
suspended solids concentration maintained in the aeration tank 
was approximately 5,400 mg/1. 
In 196 2, Bryan (11) reviewed the advantages of using two-
stage biological treatment systems for industrial wastewater. 
He discussed several applications of plastic media trickling 
filters followed by activated sludge systems, including the 
application previously discussed by Gilliam and Anderegg (33). 
The Dow Chemical Company's application of the TF-A process for 
treating phenolic wastewater in Midland, Michigan also was 
reviewed by Bryan. Bryan noted the possibility of constructing 
a TF-A process by placing a synthetic media trickling filter 
directly over the aeration tank. 
Gibson and Wiedeman (32) also reported in 1962 on pilot 
plant work with mixtures of textile finishing waste and 
municipal wastewater. Their work was concerned with the waste­
water treatment problem at Greenville, South Carolina where 
the combined wastewater had a BOD of 450 to 550 mg/1. Studies 
were conducted to determine the most economical way of 
obtaining a final effluent BOD of 30 mg/1. Conventional 
activated sludge was found to be unsatisfactory, due to sludge 
bulking. The pilot plant consisted of a trickling filter 10 
ft in diameter and 6 ft deep and an activated sludge plant 
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with a 2,200 gal aeration tank and a 370 gal settling tank. 
In three months of operation, there were only four days when 
the final effluent BOD was greater than 30 mg/1. 
A 19 63 report (61) on the Northampton, England wastewater 
treatment plant described the use of the TF-A process for 
treating wastewater with a primary effluent BOD of 163 to 
20 9 mg/1. The existing activated sludge plant was upgraded 
by constructing high rate trickling filters between the 
primary settling tanks and the aeration tanks of the activated 
sludge system. The combined system began operation in 1957, 
and four years of average performance data were presented. 
The raw flow varied from 8.6 to 10.7 mgd. The trickling 
filter hydraulic loading, including recirculation, was 16 to 
17 mgd/acre; and.the organic load was 114 to 128 lb BOD/day/ 
1,000 cu ft. The 3-ft deep trickling filters removed 58 to 63 
percent of the applied BOD. Intermediate settling was pro­
vided between the trickling filters and the activated sludge 
system, which was apparently loaded at approximately 10 lb 
BOD/day/1,000 cu ft. The annual average final effluent BOD 
was reported to vary from 12 in 1958 to 17 in 1961. 
In 1963, Jackson, Bradney and Bragstad (45) discussed 
the joint use of trickling filters and activated sludge units 
at Sioux Falls, South Dakota. This plant treated a high-
strength packing house wastewater, as previously discussed by 
Bragstad and Bradney (10), and discharged to a receiving 
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stream that at times had nearly zero flow. The treatment 
process consisted of running the industrial wastewater through 
two stages of trickling filters and then blending this flow 
with the raw domestic wastewater for treatment in an activated 
sludge process. The report was concerned with pilot piant 
work and plant expansion using short-term aeration as a means 
of solving a long-standing operational problem; floating 
sludge in the final settling tanks. The plant typically 
removed 98 percent of the raw wastewater BOD and produced a 
high quality final effluent. Jackson and Wieting (44) also 
reported on the Sioux Falls plant in 1966. 
Banister and Cloud (7) reported in 1964 on the successful 
use of trickling filters followed by activated sludge at 
Willmar, Minnesota. This community had an industry that 
processed turkeys and it was expected that both the industry 
and town were going to grow considerably. An existing fixed-
nozzle trickling filter plant was able to reduce the BOD from 
235 to 45 mg/1. This was not adequate treatment, so the 
existing plant was converted to a two-stage biological treat­
ment process that employed the existing plant as the first-
stage unit and a new activated sludge process served as the 
secondary treatment process. Considerable investigation was 
undertaken to determine whether or not an intermediate 
settling tank should be provided ahead of the aeration tanks 
of the activated sludge process, but it was determined 
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ultimately that the inclusion of an intermediate settling tank 
might impose some difficulty in establishing and maintaining 
the proper solids concentration in the aeration tanks. 
In 1962, operating results for this plant (which began 
operation in 1960) indicated an average flow of 1.62 mgd, a 
raw BOD of 325 mg/1, a final effluent BOD of 11 mg/1 and an 
overall BOD removal of 96.6 percent. During 19 62, only two of 
the four available aeration tanks were used and the sludge 
volume index was maintained at 65. The final effluent dis­
solved oxygen concentration was 3 mg/1. 
The Willmar plant was still doing an excellent job of 
wastewater treatment in 1971^ when the raw BOD ranged from 
280 to 320 mg/1 and the flow averaged 2.17 mgd. In-plant 
24-hour composite samples were collected three times per week, 
and the records indicated that the trickling filter load was 
approximately 2 8 lb BOD/day/1,000 cu ft and 6 mgd/acre. The 
trickling filter removed approximately 62 percent of the 
applied BOD. The activated sludge process was loaded at 19 lb 
BOD/day/1,000 cu ft (20 lb BOD/day/100 lb MLSS), and approxi­
mately 85 percent of the applied BOD was removed in the 
activated sludge system. The activated sludge influent flow 
^Raymond Stein, City of Willmar, Minnesota, private 
communication, 19 72. 
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had a BOD of approximately 80 mg/1 during 1971 and the SVI 
was maintained between 40 and 50. The final effluent BOD 
averaged 12 mg/1 in 1971. 
The City of Litchfield, Minnesota^ also expanded its over­
loaded trickling filter treatment plant by the addition of 
activated sludge units in 19 61. During the four-year period 
of 1963 through 1966, raw flows averaged 1.2 to 1.3 mgd; and 
plant operation and maintenance costs were in the range of 
6.4 to 6.9 cents/1,000 gal. The trickling filter was often 
loaded in the range of 25 to 30 lb BOD/day/1,000 cu ft and the 
aeration tank loads were typically 60 to 70 lb BOD/day/1,000 
cu ft. Nitrification was shown to represent a major part of 
the final effluent BOD at this plant in a 1962 study. The 
plant operator reported final effluent BOD values (grab 
samples) of 6 to 12 mg/1 during the first four years of 
operation. Two consecutive 24-hour composite samples in March 
of 1962 indicated the trickling filter was removing approxi­
mately 70 percent of the applied BOD load, and the activated 
sludge process was removing approximately 60 percent of the 
applied BOD load. 
In 1972, the Litchfield plant was in the design phase of 
another expansion program. The 19 72 Minnesota Pollution 
Control Agency effluent standard for this plant, and many 
^Robert C- Robertson, former Litchfield City Engineer, 
private communication, 1971. 
34 
other Minnesota water pollution control plants, was 5 mg/l of 
BOD and 5 mg/l of suspended solids. 
Ortonville, Minnesota^ also had a two-stage biological 
plant consisting of primary settling, high rate trickling 
filters, intermediate settling and activated sludge. This 
plant began operation in 19 53 and 19 72 raw flows were in the 
range of 0.24 to 0.28 mgd. The raw BOD was approximately 
200 mg/l and the final effluent BOD was in the range of 7 to 
13 mg/l. The operator did his own lab work and used four- to 
seven-hour composite samples collected during the morning and 
early afternoon hours. 
The paper industry also has investigated a combination 
of activated sludge and trickling filters for treating pulp 
and paper wastewater. A 196S report by Burns and Eckenfelder 
(12) discussed pilot plant work at West Virginia Pulp and 
Paper Company's Covington Mill. This mill was served by a 
full-scale activated sludge plant that was put into service 
in 19 55. It had been observed that wastewater temperatures 
in excess of 100®F caused a significant drop in BOD removal 
efficiency. The pilot plant work was concerned with a means 
of cooling the wastewater and also increasing the BOD removal. 
Two plastic-media trickling filters were constructed and 
experimental work was conducted. It was concluded that 
^Howard Blanshan, City of Ortonville, Minnesota, private 
communication, 1972. 
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plastic-media towers would provide the needed cooling, but 
that such towers would have to be somewhat l?"-er than normal 
due to the formation of slime growths in the >. rs. BOD 
removals of approximately 150 lb/day/1,000 cu ft were obtained 
through the 18 ft deep tower. 
Gehm and Gellman (30) discussed treatment of paper mill 
wastewater in a 1965 report. For over 30 years, the pulp and 
paper industry had studied and applied biological oxidation to 
the treatment of its wastewater. Then interest centered on 
the development of combinations of biological processes which 
would embrace the advantages, eliminate the disadvantages euid 
lower the capital and operating cost of wastewater treatment. 
They developed a pilot plant using short-term aeration of 
trickling filter effluent. The application of return activated 
sludge to the filter seemed to promote the growth of normal 
flora and fauna and prevent growth of wild yeast and molds 
which often led to filter clogging and a reduction of oxida­
tion rates. It was hoped that the process would provide 
better agglonieration of active solids resulting in a tougher, 
better settling activated sludge. A cooling tower effect was 
anticipated with the trickling filter, and more uniform 
loadings to the activated sludge system were envisioned. 
A 10 to 16 gpm pilot combination process was operated 
for two years to treat paper mill wastewater having a BOD of 
288 mg/1, and 90 percent of the raw BOD was removed. With 
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Boardmill wastewater having a BOD of 218 mg/1, a BOD removal 
of 87 percent was possible; and with Deinking wastewater having 
a BOD of 252 mg/1, 72 percent BOD removal was possible with 
the combined process. A better settling sludge was produced 
when the fine paper mill effluent was treated with the trick­
ling filter-activated sludge process. 
Gehm and Gellman concluded that the cost of combined 
treatment was 25 to 50 percent less than for activated sludge 
treatment alone, depending upon the strength of the waste­
water treated. In the joint process, 1,000 cu ft of aerator 
capacity was used for each 432 cu ft of filter capacity. A 
uniform performance at high loading rates was obtained and 
the aeration COSTC- were less with the combined process. 
In 1965, Follett (26) reported on the cooperative 
efforts of 19 pulp and paper manufacturers in Ohio, including 
a pilot plant evaluation of the combined use of trickling 
filters and activated sludge. This was a report on the same 
work discussed by Gehm and Gellman (30). Follett's report 
stated that highly variable BOD values were obtained in the 
trickling filter effluent during periods when the overall 
performance was very stable. The trickling filter generally 
produced 0.5 lb of dry solids per pound of BOD removal and 
recirculation of the activated sludge effluent to the 
trickling filter increased the overall performance efficiency 
of the combined process. 
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The community of Maple Plain, Minnesota^ has been served 
by a combination trickling filter-activated sludge treatment 
plant since 1965. The original trickling filter plant, 
constructed in 1952, was upgraded by the addition of activated 
sludge in 1965. Average 197 2 daily flows at this plant were 
about 0.2 mgd, and the plant effluent, which flows into a 
stabilization pond, had a BOD of 10 to 20 mg/1. The plant was 
designed for either series TF-A or parallel operation, although 
the design engineer felt series operation would produce the 
higher degree of treatment. The aeration tank was designed 
for a detention time of 12 hours, and a volumetric BOD loading 
of 11 lb/day/1,000 cu ft. In-plant samples have not been col­
lected, thereby precluding an evaluation of the trickling 
filter and activated sludge performance. During an extensive 
two-day, 24-hour composite study by the Minnesota Pollution 
Control Agency in 1971, the trickling filter was unfortunately 
sloughing, or unloading solids. The final effluent BOD was 
nevertheless 10 mg/1 one day and 15 mg/1 the next day. 
In 1968, Stenburg, Convery, and Swanson (78) briefly 
discussed a proposed San Buenaventura, California pilot study 
to evaluate the feasibility and advantages of using the 
activated sludge and trickling filter treatment systems to­
gether in various treatment sequences. They felt a potential 
^Russel Susag, Metropolitan Sewer Board, St. Paul, 
Minnesota, private communication, 1972. 
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advantage of the trickling filter-activated sludge sequence 
would be the ability of the filter to hamdle major variations 
in loading and provide a relatively uniform load for the 
subsequent activated sludge process. The reverse sequence 
also could have the advantage of allowing the trickling filter 
to flocculate the activated sludge effluent insuring a high 
quality final effluent. 
The March, 1971 report (13) on this study stated that 
three combinations of activated sludge and trickling filters 
were investigated with a 75,000 gpd treatment plant. The 
A-TF combination (primary sedimentation, activated sludge, 
intermediate sedimentation, trickling filter, and final 
sedimentation) produced only unreliable data because of 
equipment problems and an inability to establish good process 
control. The trickling filter seemed to disperse the bio­
logical floe and resulted in a loss of active solids to the 
final effluent. 
The combination of primary sedimentation, activated 
sludge (aeration only), trickling filter, and final sedimenta­
tion was ineffective because of lack of concentrated return 
activated sludge. The expected flocculation effect was not 
achieved by applying mixed liquor to the trickling filter, 
and solids were lost over the weir of the final settling teink. 
The third combination to be studied was the process 
previously defined as TF-A. The performance of this 
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combination was promising, and meaningful data were being 
collected when a major flood inundated the entire pilot 
facility. Substantial portions of the accumulated pilot data 
were lost. Preliminary data indicated that this was the most 
promising of the three combinations considered and the authors 
recommended further study. The available TF-A data indicated 
that the BOD of the primary influent was 221 mg/1, the 
primary effluent was 117 mg/1, the trickling filter effluent 
was 45 mg/1 (trickling filter loading of 39 lb BOD/day/1,000 
cu ft and the final effluent BOD (aeration tank loading of 
24 lb BOD/day/1,000 cu ft) was 17 mg/1. 
A combination trickling filter-activated sludge water 
pollution control plant began operation in Milan, Illinois in 
19 69.^ This plant received a heavy load of packing plant 
wastes, including blood, grease and paunch manure. The plant 
included dissolved air flotation for primary treatment, a 90 
ft diameter trickling filter, two rectangular aeration tanks 
and a 70 ft diameter final clarifier. This plant is of 
interest since the engineers felt both trickling filters and 
activated sludge were required to provide the desired final 
 ^^  W» MO.»** W • W A* «b W W* AW ^  O ^  W W&C»  ^^   ^^  
existing trickling filter plant by adding activated sludge. 
William Kersten, Zimmer and Francescon, Moline, Illinois, 
private communication, 1972. 
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the Milan plant was constructed new in 1969 as a combination 
system. Although no detailed performance data were available 
at the time of this writing, the raw wastewater typically had 
a BOD of 500 to 600 mg/1, and the final effluent BOD often was 
less than 10 mg/1. The trickling filter loading was approxi­
mately 60 to 70 lb BOD/day/1/000 cu ft at a corresponding 
hydraulic loading of approximately 7 mgd/acre. Assuming 50 
percent BOD removal in the trickling filter, the activated 
sludge aeration tanks were loaded at approximately 20 to 25 lb 
BOD/day/1,000 cu ft. 
Graeser (34) presented a 1969 report on a 1.0 mgd pilot 
plant study at Dallas, Texas. One goal was to evaluate the 
feasibility of salvaging the large investment the City of 
Dallas has in existing trickling filters by using a combina­
tion of trickling filters and activated sludge treatment. It 
was planned to study several trickling filter and activated 
sludge combinations as a part of the overall wastewater 
reclamation research project. 
Salzmann^ reported that the community of Melrose, 
Minnesota with a population of just over 2,000 people has had 
a combination TF-A wastewater treatment plant in operation 
since 1969. This plant received an average flow of 
^Donald Salzmann, City of Melrose, Minnesota, private 
communication, 1972. 
41 
approximately 1.2 mgd, including large quantities of milk, 
cheese, locker plant and turkey processing wastewater. The 
raw BOD often was between 1,000 and 1,500 mg/1 at night and 
between 300 and 500 mg/1 during the day. The six-month 
average BOD of 24-hour composite raw wastewater samples was 
545 mg/1 during the last six months of 1971. Typical grab 
sample analyses indicated a primary settling tank effluent 
BOD of 400 to 600 mg/1 at 10:00 AM, a trickling filter 
effluent BOD of 150 to 200 mg/1 at 11:00 AM, and a final 
effluent BOD of 11 or 12 mg/1 at 1:00 PM. The trickling 
filter loadings apparently were in the range of 70 to 80 lb 
BOD/day/1,000 cu ft with a corresponding hydraulic loading of 
6 mgd/acre. The aeration tank loadings were most likely in 
the range of 25 to 35 lb BOD/day/1,000 cu ft. This heavily 
loaded plant was operated and maintained by only two men and 
appeared to be producing the desired high quality final 
effluent. 
The City of Fergus Falls, Minnesota (population 14,000) 
upgraded its existing municipal trickling filter plant in 19 70 
by the addition of activated sludge units. Sowden^ reports 
that the two trickling filters were not being used at the 
time of this writing because of mechanical problems with the 
•""H. J. Sowden, City of Fergus Fall, Minnesota, private 
communication, 1972. 
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rotary distributors following the mandatory removal of the 
mercury seals. The filters will be used as the loads increase 
in future years. The raw wastewater had a BOD of 300 to 400 
mg/1 and the final effluent BOD (activated sludge treatment 
only) was less than 25 mg/1. 
A series TF-A process began operation in Corning, Iowa 
in January of 1971^. The original trickling filter plant that 
served this southwestern Iowa community of just over 2,000 
people was upgraded by construction that included two 
mechanically aerated oxidation ditches. The plant was 
designed for a large industrial waste load which had not been 
realized by 1972. 
The raw wastewater BOD varied from 300 to 800 mg/1, and 
the final effluent BOD was in the 20 to 30 mg/1 range. 
Although no other sampling was done at this plant, the 
trickling filter apparently was loaded in the range of 15 to 
40 lb BOD/day/1,000 cu ft and the extended aeration activated 
sludge process was r.ost likely loaded at less than 5 lb BOD/ 
day/1,000 cu ft. The operator experienced winter freezing 
problems in the single final settling tank available at this 
plant, and plans were made to cover this unit before another 
winter season. 




Undoubtedly there are treatment plants that employ 
completely separate and independent activated sludge and 
trickling filter treatment processes operating in parallel. 
Dye (20,21) reported on such a system in Tuscon, Arizona. He 
was primarily concerned with relative costs of the two 
processes and reported that the activated sludge power costs 
were twice as high as the power costs for a parallel trickling 
filter plant. On a total operating cost-per-million-gallons-
treated basis, the activated sludge process was significantly 
more expensive ($40.57 vs $28.02), but on a cost-per-pound of 
BOD removed basis, the activated sludge system was much more 
competitive (2.65* vs 2.33*). Obviously, although these 
plants received the same influent wastewater, they were not 
equivalent processes since the activated sludge system pro-
^3 * * ^ ^ ^ ^ ^ ^ ^ Y C4. O. JL ULOLI U • 
In 1936, Rudolfs (6 8) reported that the Albwarke plant 
at Rotherham, England approximated parallel use of activated 
sludge and trickling filters. Following primary settling, 
the flow was split with roughly half going to a trickling 
filter and about half going to the aeration tank of an 
activated sludge process. The trickling filter effluent also 
received treatment in the aeration tank, making the process 
somewhat of a hybrid of the parallel and series TF-A processes. 
This plant treated domestic wastewater at a rate of 2 mgd. 
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The activated sludge units originally were designed for 0.6 
mgd with an aeration time of 11 to 12 hours. The remaining 
flow (that portion in excess of 0.6 mgd) was applied to the 
trickling filters. The filters varied in depth from 3.7 to 
5.0 feet. When the plant was operated as designed rather poor 
results were obtained. However, when the "split and return" 
flow system was adopted, as shown in Figure 2, far better 
treatment results were obtained. It was also observed that 
sludge bulking was no longer a problem with the new system. 
The process is similar to one of the systems investigated by 
Lumb and Eastwood (51) at Halifax, England in the 1950's and 
also to the 1971 Faribault, Minnesota treatment plant, except 
that the trickling filters and activated sludge roles (Figure 
2) were interchanged at both Halifax and Faribault. 
Andersen and Hurd (5) reported on the Lincoln, Nebraska 
wastewater treatment plant which was a parallel activated 
sludge-trickling filter plant. Following primary settling, 
approximately 1/3 of the plant flow was applied to standard 
rate trickling filters and approximately 2/3 of the flow was 
treated in a completely mixed activated sludge plant. Flow 
from both biological processes was combined and settled 
jointly in two common final settling tanks. This report 
was not, however, concerned with the advantages or dis­
advantages of the parallel system, and no data were presented 
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Figure 2. "Split and return" treatment process used in 
Rotherham, England 
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final settling tank in the parallel process at Lincoln. 
In 1965, the ten-year-old conventional trickling filter 
plant at Faribault, Minnesota^ was expanded by constructing 
a high-rate activated sludge system (designed for a BOD load 
of 100 lb/day/I,000 cu ft) between the primary settling tanks 
and the trickling filters. This treatment process was selected 
to eliminate serious odor problems with the overloaded 
trickling filters. The Faribault plant received extremely 
heavy and highly variable milk, cheese and turkey processing 
waste loads. 
Due to hydraulic problems, the plant operator was not 
able to treat all of the flow in the new activated sludge 
system. Therefore, the Faribault plant was actually operated 
as a combination of the Series A-TF and parallel processes 
previously defined. A schematic of the Faribault process is 
obtained by simply interchanging the trickling filter and 
activated sludge boxes in Figure 2. 
The BOD of the raw wastewater at Faribault was commonly 
in the range of 400 to 600 mg/l and the final effluent BOD was 
often within a range of 40 to 80 mg/l. Since the actual split 
in the primary effluent was not known, unit loadings smd 
performance could not be evaluated. It was estimated that the 
activated sludge aeration tanks had a BOD loading of 
1 
^Howard Helgeson, City of Faribault, Minnesota, private 
communication, 1971. 
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approximately 60 lb/day/1,000 eu ft and that the trickling 
filters were loaded at about 100 lb BOD/day/1,000 cu ft. 
Under these conditions, each biological process apparently 
removed approximately 75 percent of its applied load. 
Zuehl^ reported that the 4 mgd plant at Albert Lea, 
Minnesota sometimes employed the "split and return" process 
shown in Figure 2. Flows averaged about 3.8 mgd and the raw 
BOD averaged 262 mg/1 during the four-month period of August, 
September, October and November of 1971. The plant final 
effluent BOD averaged 6 mg/1 over this same period. Unit 
loadings and performance evaluations were difficult to compute, 
since the split in the primary effluent flow between the 
trickling filters and aeration tanks was an unknown quantity. 
The filters were reported to operate most satisfactorily when 
loaded between 40 and 55 lb BOD/day/1,000 cu ft. The Albert 
Lea plant could also be operated as a TF-A process and Zuehl 
preferred to operate in this manner when hydraulic and 
organic loads permitted. 
Miller (58, 81) reported on the parallel use of trickling 
filter and activated sludge processes at Rockford, Illinois 
in 1971. The Rockford plant received a flow of 35 to 40 mgd 
of combined domestic and industrial wastewater. Following 
primary treatment, the flow was split and approximately 4 0 
^Leonard G. Zuehl, City of Albert Lea, Minnesota, 
private communication, 19 72. 
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percent was applied to trickling filters and the remaining 
60 percent of the flow passed directly to the completely mixed 
aeration tanks of an activated sludge process. The settled 
trickling filter effluent also was treated in the activated 
sludge system, similar to the "split and return" (Figure 2) 
system used previously in England. The trickling filters were 
apparently loaded at less than 20 lb BOD/day/1,000 cu ft and 
at less than 10 mgd/acre. The aeration tank loading was also 
apparently less than 20 lb BOD/day/1,000 cu ft. The final 
effluent BOD was reported to be in the 6 to 15 mg/1 range. 
It appears that parallel use of trickling filters and 
activated sludge units is not widely practiced. 
Cost of Domestic Wastewater Treatment 
The separate costs of constructing, operating, and 
maintaining a wastewater treatment plant always have been 
difficult to determine. Such costs are even more difficult 
to define when costs are related to some plant performance 
parameter such as BOD removal. Many attempts to relate costs 
to plant capacity, plant performance, or population served 
have generated nearly meaningless plots of data. Making 
conclusions or predictions from such data has always been 
somewhere between impossible and very dangerous. However, 
since the dollar is our common denominator, it is essential 
to define the costs of alternative schemes for providing a 
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given degree of wastewater treatment. 
Smith (72) reviewed the wastewater treatment cost 
literature and attempted to blend it into a workable form. 
These data, adjusted to June 1967 illustrate how treatment 
costs vary with the type of treatment being used and the size 
of the treatment plant. The economies of large scale are 
reflected in the fact that the unit cost of a 1.0 mgd primary 
or secondary treatment plant (total per unit treatment cost, 
including capital cost, operation and maintenance) is three 
to four times as high as the total per unit treatment cost for 
a corresponding 10 0 mgd treatment plant. 
If it is assumed that a domestic wastewater flow of 
approximately 10 0 gpd/cap is received at a treatment plant. 
Smith's treatment cost data of cents/1,00 0 gallons can be 
converted to dollars/capita/year. This conversion was made 
in this study to give the reader an approximation of waste­
water treatment costs. The assumption of a wastewater flow 
of 100 gpd/cap seems reasonable in the midwest United States. 
For example, the wastewater flow received at the Ames, Iowa 
water pollution control plant has varied from 70 gpd/cap to 
112 gpd/cap over the past 18 years (89) . The par capita cost 
data shown in Table 1 were developed from Smith's graphs for 
primary, trickling filter, and activated sludge treatment 
costs. Smith did not relate costs to performance, so these 
data must be viewed as the costs of typical primary, trickling 
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Table 1. Typical domestic wctsc-ewater treatment costs 
(June, 1967) 
Plant size. Total treatment cost, Equivalent annual 
mgd cents/1,000 gal per capita cost,* 
dollars/capita/year 
Prim^ T A T, • b Prim T F*^ A 
1.0 12.0 15. 0 19.0 $4.40 $5.50 $6.95 
5.0 7.7 10. 0 13.0 $2.80 $3.65 $4.75 
10.0 6.5 8.5 11.0 $2.40 $3.10 $4.00 
20.0 5.4 7.0 9.5 $1.95 $2.55 $3.45 
100.0 3.6 4.8 6. 6 $1.30 $1-75 $2.40 
^Assuming wastewater flow to 10 0 gpd/cap. 
^Primary treatment only. 
"^Primary treatment followed by trickling filter. 
^Primary treatment followed by activated sludge. 
filter and activated sludge treatment plants. 
These data are presented as a general guide to domestic 
wastewater treatment costs and are not intended to be an 
absolute or universal representation of such costs. A 
particular treatment plant's costs may vary by a factor of two 
or more from the Table 1 data. Dougal (17) reported the 1969 
cost for primary plus trickling filter wastewater treatment 
in Ames, Iowa was approximately $5/capita/year. The average 
flow to the Ames plant in 19 69 was approximately 4 mgd, which 
puts this cost figure in line with the data in Table 1. 
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The reader is cautioned not to consider the Table 1 values 
as the total cost of municipal water pollution control, since 
the cost of transporting the wastewater from the home to the 
treatment plant is not included. Although it is difficult to 
express the cost of a sewer system in units of dollars/capita/ 
year, such costs may vary from $0.16/capita/year to $33.60/ 
capita/year (18) with the actual cost depending upon population 
density, soil conditions and topography. By addition of the 
approximate sewer system and treatment plant costs, a general 
feeling for the total cost of municipal water pollution control 
can be obtained. 
In 1968, Stephan and Weinberger (79) discussed the 
economics of treating wastewater for direct reuse and reported 
that a complete 15 mgd wastewater renovation plant could be 
built and operated for approximately five times the construc­
tion cost of conventional primary plus secondary treatment and 
approximately four times the operating cost of this conven­
tional treatment. Thus, a typical community of 150,000 people 
could renovate their secondary treatment plant effluent to a 
quality equivalent to potable water at a cost of approximately 
$20 per person per year. Since the present potable water 
source and treatment probably costs the typical resident of 
such a community between $2 to $5 per year, the direct reuse 
of wastewater is not an economically attractive alternative at 
this time. However, advances in wastewater treatment 
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technology, increased demands for water and the need for a 
close proximity of supply and demand undoubtedly will rapidly 
increase the attractiveness of direct wastewater reuse. The 
average cost of extracting fresh water from wastewater is only 
1/5 to 1/3 the cost of obtaining fresh water from the sea. It 
can be seen that for less than 2<: per person per day, primary 
plus secondary treatment could be provided for domestic waste­
water from a community of 150,00 0 people. For less than 10* 
per person per day, this domestic wastewater could be converted 
into drinking water. It thus appears that domestic water 
pollution control is far from being a prohibitively expensive 
operation. 
Perhaps one additional point should be made to establish 
a proper perspective on domestic wastewater treatment costs. 
Since there are many sources and causes of water pollution, 
there are correspondingly many factors affecting water pollu­
tion control. Three major sources of water pollution are 
domestic wastewater, industrial wastewater and land runoff 
following precipitation. It is not known what proportion of 
the overall water pollution problem is caused by each source. 
Some people feel industry discharges organic wastes into our 
nation's waters with a pollution load at least double the 
wastewater load from all municipalities combined. In Iowa, 
agricultural runoff often appears to be the greatest source 
of pollution (8) . Regardless of what this breakdown may be. 
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it is important to recognize that it varies from place to 
place and that domestic wastewater is not the only source of 
water pollution. Likewise, the treatment of all domestic 
wastewater, which is certainly feasible from a cost stand­
point, is not the complete solution to present water pollution 
control problems. This important perspective is all too often 
distorted or ignored but is essential to developing and 
financing an intelligent overall water pollution control 
program. 
Summary 
When possible, typical loading and performance data have 
been extracted from the literature and these data have been 
summarized in Tables 2 and 3. A considerable amount of judge­
ment was necessary in preparing these tables. Therefore, none 
of the data should be considered absolute, but each value 
should instead be viewed as a typical value in a wide range of 
actual experiences. No performance data were available for a 
parallel system involving the use of a common final settling 
tank for both the activated sludge and trickling filter 
processes. 
The State of Iowa had one combination trickling filter-
activated sludge treatment plant in 1972. Minnesota had ten 
such plants and several other combination plants were either 
in the preliminary engineering report stage or construction 
plans were being prepared in 197 2. A combined A-TF plant was 










































































































































































stage stage Reference 
74 -- 59 84 (67) 
170 65 64 82 (32) 
156 21 50 89 (19,29,64) 
— 46 — — (33) 
170 38 27 93 (47) 
100 90^ 96 (44,45) 
28 19 62 85 (7) 
30 65 63 87 (p. 33) 
60 30 65 80 (p. 34) 
Northampton, Domestic & 
England industrial 50 0 15 115 
Covington, Pu]p and 
Virginia paper 280 27 500 
Maple Plaine, 
Minnesota Domestic 185 12 17 
San 
Buenaventura, 
California Domestic 221 17 39 
Milan, Domestic 
Illinois & meat 550 15 65 
Melrose, Domestic & 
Minnesota industrial 545 12 70 
Fergus Falls, Domestic & . 
Minnesota industrial 350 25 140 
^IVo stages of trickling filters. 
^Approximate loading if trickling filters were 
10 60 80 (61) 
30 86 (12) 
— — — (p. 31 ) 
24 62 62 (13) 
22 50 — (p. 39) 
23 65 93 (p. 40) 
— — — (p. 41) 
in service. 
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under construction at Windom, Minnesota as this report was 
being written. The existing Minnesota plants appeared to be 
doing an outstanding job of wastewater treatment, but only 
limited 24-hour composite sample data were available. At 
least eight other combination TF-A treatment plants were in 
operation in Wisconsin, but 24-hour composite performance data 
were not available. 
There are undoubtedly many other joint systems throughout 
the United States but very little performance data have 
appeared in the literature. Each system apparently was 
operating satisfactorily essentially as a "black box". The 
plant operator usually knew the raw and final effluent BOD, 
but he usually did not know the loading or performance of 
either process. He also knew how to obtain the best per­
formance with the physical facility he had but this situation 
has generated little reliable performance data for design 
engineers. 
The preceding review indicates that the activated sludge 
and trickling filter processes have been combined in many ways 
for many different reasons. There appears to be no agreed 
upon, best way cf combining the two systems and very little 
quantitative information is available concerning why one 
should or should not use a specific combination. Since so 
many factors are peculiar to a specific treatment plant, it 
is very likely that there is not a universally applicable best 
58 
way. The present applicable literature is seriously 
lacking in specifics and it contains contradictory opinions. 
It also perhaps implies that a combination system is only 
applicable to industrial or other high strength wastewater 
treatment. 
In spite of this situation, there remains an obvious 
potential for using a joint system. This potential stems 
primarily from the possibility of expanding existing 
mechanically and structurally sound trickling filter plants by 
adding an activated sludge process and operating it in com­
bination with the trickling filter. This potential for a low-
cost, high quality treatment system, plus the lack of quanti­
tative data in the literature, led to a one-year pilot plant 
study. The facilities, procedures, and results of this study 
are presented in the following sections of this report. 
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DESCRIPTION OF RESEARCH FACILITIES 
The pilot activated sludge and trickling filter units 
used throughout this study are located at the Ames, Iowa water 
pollution control plant. The Ames plant, a conventional 
trickling filter plant, is typical of many Iowa water pollution 
control facilities. This plant includes separate two-stage 
anaerobic sludge digestion and has been described previously 
(70). The wastewater received at the Ames plant during the 
study was approximately 95 percent domestic wastewater and 
five percent industrial wastewater. A constant flow of the 
Ames plant primary effluent served as pilot plant influent 
throughout the study. Figure 3 shows the relative location of 
the pilot units. A schematic diagram of the interconnections 
of the two pilot units is presented in Figure 4. 
Pilot Activated Sludge 
The pilot activated sludge unit was designed and built by 
the Smith and Loveless Company of Lenexa, Kansas to be used 
as an extended aeration wastewater treatment plant for small 
subdivisions, motels, trailer courts, schools, apartments, 
factories, or shopping centers. The activated sludge plant 
(Model 6C2), hereafter referred to by its trade name Oxigest, 
is detailed in plan view and cross section in Figure 5. 
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Figure 3. Pilot plant location at the Ames/ Iowa water pollution control plant 
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The Oxigest was installed at the Ames, Iowa water 
pollution control plant during the summer of 1966 and prior 
to this study was used in research concerning the effect of 
pesticide from stockyard dip tanks on the activated sludge 
process (14). The influent flow for the Oxigest was either 
effluent from the Ames primary settling tanks or the effluent 
from the pilot trickling filter, depending upon which combina­
tion of activated sludge and trickling filter was being 
studied. Primary effluent was supplied to the pilot units by 
an open impeller, 2,850 rpm, Oberdorfer centrifugal pump (3/4 
hp). The pump was located at the effluent end of the primary 
tanks and discharged into a 1-1/4-inch diameter plastic line 
connected to the Oxigest and the pilot filter. This pump 
delivered a constant flow of about 20 gpm. The flow exceeding 
pilot plant requirements was simply wasted through an overflow 
line discharging to the plant preaeration and grit removal 
tanks as shown schematically in Figure 4. The flows were 
controlled by 1-1/4-inch, quarter-turn ball valves on the 
various branches of the pump discharge line. 
The Oxigest consisted of a 2,00 0 gal capacity aeration 
tank and a 670 gal capacity hopper-bottom settling tank. 
Aeration was provided by a positive displacement Roots-
Connersville blower driven by a 1.0 hp, 1,750 rpm motor. This 
blower had a rated capacity of 17.5 cu ft of air per minute 
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when operating at about 1,300 rpm. Air was distributed to 
the wastewater in the completely mixed aeration tank through 
three parallel drop pipes with fine-bubble diffusers. The 
aeration equipment had the triple function in this system of 
providing the oxygen required by the aerobic organisms, 
creating the turbulence necessary to mix completely the 
contents of the aeration tank, and supplying the air required 
by the air lift return sludge pump. Mixed liquor entered the 
settling tank through two 3-inch diameter drop pipes dis­
charging in a downward direction at a point about two ft above 
the bottom of the settling tank. This arrangement helped 
reduce inlet turbulence and permitted upflow operation of the 
settling tank. 
The settling tank effluent was discharged into a 4-inch 
diameter field tile connected to a manhole on the treatment 
plant outfall sewer. During the portion of the study when the 
Series A-TF alternative was being studied, the settling tank 
effluent was discharged directly to the pilot trickling filter. 
Operation 
Operation of the Oxigest followed a somewhat routine 
procedure, but problems occasionally were encountered. The 
Oxigest required and received daily attention. Perhaps the 
major operational problem throughout the study was keeping the 
pilot plant wastewater supply pump operating. This pump 
became plugged several times with small sticks, rags, or other 
65 
trash, although one would not expect such solid material to 
be present in primary settling tank effluent. The pump was 
removed, disassembled, cleaned and put back in service after 
each plugging problem. The solid objects would either 
partially reduce the pump discharge or completely stop the 
flow. 
Even though the pilot plant wastewater supply pump had a 
positive suction head, a short power failure would air lock 
the pump. Each time the main plant was shut down for a short 
period of time, the pump would air lock. In January, 1970 
near the end of the study, the pump plugged and froze solid 
in -15°F weather before the trouble was noticed. 
The influent line to the Oxigest provided a free-fall 
discharge from a 1-1/2-inch galvanized pipe. The flow rate 
was checked several times each week by using a stopwatch to 
measure the number of seconds required for the Oxigest 
influent to fill a calibrated three-gallon pail. 
Throughout the study the influent to the pilot units 
would gradually decrease over a period of several days. The 
reason for this was felt to be a gradual coating and build-up 
of solids in the 1-1/4-inch discharge line and valves. 
The air lift sludge pump was operated continuously and 
normally recycled all the sludge back into the aeration tank. 
Sludge was wasted from the system for approximately one hour 
each day by diverting the entire sludge flow directly to waste. 
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Thus, on a typical day sludge was wasted for about one hour 
and returned to the aeration tank for 23 hours. 
The discharge of the air lift pump appeared to be a 
function of solids concentration in the return sludge. Several 
times the sludge pump discharge and sludge solids concentration 
were checked at the start of the one-hour sludge wasting period 
and again after wasting sludge for one hour. The solids con­
centration in the sludge was greater at the end of the sludge 
wasting period, and the flow rate was less. This was not 
surprising, since other work (82) has indicated that the 
highest solids concentration is at the top of the sludge 
blanket in an upflow clarifier. 
The frequency and duration of sludge wasting periods were 
determined by the level of the sludge blanket in the hopper-
bottom settling tank. As the solids concentration in the tank 
built up throughout the day, the depth of the solids-water 
interface below the liquid surface gradually decreased. Un­
less sludge was wasted from the system, the build-up would 
continue until solids passed over the settling tank weir with 
the Oxigest effluent. Wasting sludge from the system would 
increase the depth of the solids-water interface below the 
liquid surface. Settling tank performance is a very critical 
part of the activated sludge process, and unless solids can be 
separated from the treated wastewater, the process obviously 
breaks down. 
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During the series TF-A phase of the study, floating 
sludge was sometimes a problem in the final settling tank. 
Large amounts of black, apparently septic, material would rise 
and float on the surface of the settling tank. It was felt 
this problem was caused by the accumulation of settled sludge 
on the sloping sides of the settling tank. The material would 
become anaerobic and denitrification would cause the sludge to 
rise. Small bubbles, assumed to be nitrogen gas, could be 
seen rising in the tank when floating sludge was a problem. A 
positive sludge removal system in the final settling taiik 
would help to eliminate this problem. 
Mixed liquor and Oxigest effluent grab samples were 
occasionally checked for dissolved oxygen. The general 
situation observed was that the aeration equipment was pro­
viding sufficient air to satisfy the oxygen requirements. 
Pilot Trickling Filter 
The pilot trickling filter was constructed during the 
summer of 1968. It was designed to simulate as nearly as 
possible the filters in use at typical trickling filter treat­
ment plants. The filter was designed and built to serve for 
many years so that it could be used in future research work. 
Plant description 
The location of the pilot trickling filter at the Ames 
plant site is shown in Figures 3 and 4. The trickling filter 
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was seven ft in diameter and had 7.5 ft of 2 in. to 3 in. 
quartzite rock (all rock would pass through a 3 in. x 3 in. 
screen, and 90 percent or more would be retained on a 2 in. x 
2 in. screen). The wastewater was distributed uniformly to 
the rock media by a 3 rpm, two-arm, rotary distributor powered 
by a 1.0 hp motor with a right-angle gear drive. 
The pilot trickling filter is shown in plan view in 
Figure 6 and in cross section in Figure 7. 
Operation 
The pilot trickling filter was put into service on 
November 29, 1968- It was operated for several months treating 
primary settling tank effluent before the routine data col­
lection phase began. As previously discussed, the major pilot 
plant operational problem was maintaining the desired flow of 
primary effluent to the pilot units. This problem was, of 
 ^«3 f A A W* * W A * A  ^ a_r w 
trickling filter. 
During the series A-TF portion of the study, the maximum 
possible gravity flow rate from the Oxigest to the pilot 
filter was 5 gpm. Since it was necessary to study higher flow 
rates, an Oberdorfer, 1-1/4- by 1-in. centrifugal pump was 
installed between the Oxigest and pilot filter in the manhole 
between the two units. Although this pump was not specifically 
designed for wastewater, it performed satisfactorily. 
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The arms and orifices of the rotary distributor gradually 
would fill with solids and plug unless cleaned several times 
per week. A long wire with a 1-1/2-inch diameter rubber cork 
on one end was used to clean each of the rotary distributor 
arms, and a board with a hook in one end was used to clean the 
orifices as required. No problems were encountered with the 
mechanics of the rotary distributor motor, gear reducers, or 
bearing. The rotary distributor proved to be functional and 
satisfactory. 
Filter flies were not a problem during the study, although 
many flies were noted around the pilot filter especially when 
the flow rate was relatively low. The rock media and under-
drain system performed as expected. On three occasions, solids 
built up near the underdrain outlets causing the effluent to 
back up and flow out the air vents on the east side of the 
filter. A high pressure water jet was used to flush away the 
solids periodically and solve this problem. Each overflow 
problem, as might be expected, seemed to follow an intentional 
increase in the rate of flow through the filter. 
Pumping the pilot filter effluent seemed to break up the 
floe present in the filter effluent and lower the settling 
tank performance efficiency. However, the physical layout of 
the pilot units required pilot filter effluent pumping. In a 
full-scale plant, where the trickling filter effluent could 
flow by gravity to rhe following treatment units, the 
performance would be expected to equal or exceed the pilot 
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unit performance. The rate of flow through the pilot filter 
was observed periodically by dewatering the 2-ft diameter 
pilot filter effluent sump and observing the rate at which the 
sump refilled. 
For the last six months of the study, the temperature of 
the pilot filter effluent was monitored continuously with a 
two-probe, 8-day recording thermometer (Belfort Instrument 
Company). One probe was used to monitor the filter effluent 
temperature and the second probe was used to monitor the 
ambient air temperature in the pilot filter house. 
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SAMPLING AND LABORATORY PROCEDURES 
The primary effluent, the pilot filter effluent and the 
Oxigest effluent were sampled three times each week throughout 
the study. Twenty-four-hour composite samples were collected 
for laboratory analyses. 
The hourly variation in the strength of the wastewater 
flowing through a treatment process renders single grab sample 
analytical results essentially meaningless as a basis for 
performance evaluation. However, a number of situations have 
been encountered in which plant operators collected, for 
example, 10:00 AM grab samples of the raw and final effluent 
wastewater. A BOD analysis was made on each sample and the 
operator then reported that his plant was removing an un- , 
realistically large percentage of the raw BOD load. This 
situation was compounded by the fact that the 10:00 AM raw 
wastewater sample cculd easily represent the strongest waste­
water received in the 24-hour day, while the 10:00 AM final 
effluent sample most likely arrived at the plant prior to 
6:00 AM as a part of the lowest strength wastewater received 
in a 24-hour period. Many plants are so understaffed that the 
operator has no alternative to the grab sample technique. 
Grab samples are better than no samples, but the sample col­
lection should at least be staggered, if possible, to simulate 
the flow-through time in the treatment process. 
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Due to the hourly variations in the strength of typical 
domestic wastewater, only 24-hour composite samples were used 
for making performance evaluations throughout this study. All 
sampling was done manually and essentially all of the samples 
were collected by the Ames plant operators on their routine 
rounds. Every two hours throughout the 24-hour sample period 
(8 AM to 8 AM), the plant operator collected a grab sample of 
the primary effluent, pilot filter effluent, and Oxigest 
effluent in a 250 ml glass bottle. The primary effluent 
samples were collected at a point where the flow was falling 
freely through the air. The pilot trickling filter samples 
were collected as the wastewater fell from the 4-inch diameter 
pilot filter effluent line into the 2-ft diameter sump. The 
Oxigest effluent samples were collected by carefully sub­
merging a 250 ml sample bottle on the effluent side of the 
Oxigest settling tank weir. This was the only one of the 
three sampling points where the individual collecting the 
sample had to be careful not to knock any solid material loose 
from submerged surfaces. If solids were dislodged, they could 
flow into the sample bottle and give a non-representative 
sample. 
Primary effluent samples were collected at 8 AM, 10 AM, 
12 noon, 2 PM, 4 PM, 6 PM, 8 PM, 10 PM, 12 midnight, 2 AM, 
4 AM, and 6 AM. The Oxigest and pilot filter effluent samples 
were collected at 10 AM, 12 noon, 2 PM, 4 PM, 6 PM, 8 PM, 
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10 PM, 12 midnight/ 2 AM, 4 AM, 6 AM and 8 AM. This pro­
cedure was adopted in accordance with a long-standing Ames 
plant sampling practice. The two-hour lag time was intended 
to simulate the time of flow through the treatment process and 
to result in the sampling of the same "slug" of wastewater as 
it moved through the treatment process. The individual grab 
samples were stored in a 38°F cooler until the end of the 
sampling period. 
At the end of the 24-hour sampling period, laboratory 
work began. The standard laboratory'- routine is outlined 
below. 
Compositing Samples 
For each of three sampling points, twelve 250 ml grab 
samples were available. The 24-hour composite samples were 
obtained by pouring the entire contents of each of the twelve, 
250 ml grab samples into a one-gallon, wide-mouth jar. This 
procedure was repeated for each of the three sets of twelve 
grab samples so that three representative 24-hour composite 
samples were obtained. Since the flow to the pilot units was 
constant, compositing the twelve grab samples was a relatively 
simple procedure. The three samples are called PE (Primary 
Effluent), TF (Pilot Trickling Filter Effluent), and A 
(Activated Sludge or Oxigest Effluent) in the following 
discussion. 
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A fourth sample was generated during the last eight months 
of the study by pouring one liter of the TF 24-hour composite 
sample into a one-liter graduated cylinder. The graduated 
cylinder was allowed to stand undisturbed for one hour and 
then the top 750 ml of wastewater was siphoned carefully out 
of the cylinder. This fourth sample was called settled pilot 
trickling filter effluent (STF) and was intended to simulate 
a final settling tank effluent sample. This procedure was used 
because trickling filter performance commonly is based on the 
combined effects of the trickling filter and subsequent 
settling tank, and because a pilot settling tank was not 
provided for the trickling filter. The difference between 
laboratory conditions and conditions in an actual settling 
tank must be recognized, however. 
The routine procedures used in the analyses of the 24-
hour composite samples are discussed briefly in the following 
pages. 
COD Analyses 
Chemical oxygen demand (COD) analyses were made as out­
lined in Standard Methods (77). Since only eight reflux con­
densers were available, the standard procedure was to run 
duplicate blanks, duplicate PE samples, duplicate A samples, 
and only a single analysis of each TF and STF sample. 
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BOD Analyses 
The procedures used for the BOD analyses performed during 
the study were basically those specified in Standard Methods 
(77). Problems encountered during the routine BOD work were 
perhaps typical. Initially, contaminated dilution water was a 
problem. The dissolved oxygen in the 5-day blank would often 
be 1.0 mg/1 or more lower than the dissolved oxygen in the 
initial dilution water. Extra care in dilution water prep­
aration and glassware cleaning eliminated this problem before 
the routine data collection began. Nitrification was inhibited 
in all BOD tests by the addition of 10 mg/1 of 2-chloro-6-
(trichloromethyl)pyridine to the dilution water (88). 
Suspended Solids 
Suspended solids were determined by the use of 4.25 cm 
VIA J- DIIIC V V X X D C-IIICLX X Y SI» Y ^  ET O  ^^   ^^   ^^  ^  ^O  ^ W S.» - <W 
with a report by Wycoff (87). The solids analysis procedure 
permitted a determination of the total suspended solids and 
the total volatile suspended solids in the sample. 
This procedure also was used in the suspended solids 
analyses performed on grab samples of mixed liquor and return 
sludge. However, with these relatively high solids samples, 
often only 5, 10 or 25 ml of sample could be passed through 
the glass fiber pad. 
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Ammoniaf Nitrates and Phosphates 
Due to the current interest in eutrophication and 
nutrient concentrations in wastewater, analyses for NO NH^, 
and were made routinely on the PE, STF, and A samples. 
The laboratory procedures used were essentially the colori-
metric methods suggested by Hach (38). A Bausch and Lomb 
Spectronic 20 was used to determine the percent transmittance. 
Dissolved Oxygen 
The Azide modification of the iodometric method, as out­
lined in Standard Methods (77), was used for all dissolved 
oxygen (DO) determinations. The one exception was that 
phenylarsene oxide (PAO) solution (Hach Catalog No. 107 0) 
instead of sodium thiosulfate was used in the titrations 
because of the greater stability of the PAO solution. The 
normality of the standard ?A0 solution was checked occasionally 
to insure accurate titrations. 
The copper sulfate-sulfamic acid flocculation modifica­
tion (77) of the standard DO procedure was used in the 
periodic checks on the DO of the Oxigest mixed liquor. 
pH 
The Ames plant routine laboratory procedures include pH 
determinations on each of the raw wastewater samples and on 
each of the final effluent samples. Since these results had 
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always been very consistent from week to week, only 
occasional pH determinations were made on the pilot plant 
samples. The Ames plant wastewater was sampled three times 
per week and the pH of the 24-hour composite samples was 
always in the range of 7.1 to 7.9 during the pilot study. No 
sudden changes in pH were ever observed on consecutive sampling 
periods and all pH trends were the results of a gradual change 
over several weeks time. 
Sludge Volume Index (SVI) 
Periodic SVI analyses were made in accordance with the 
procedures presented in Standard Methods (7 7) to determine the 
relative settleability of the sludge floe in the Oxigest 
settling tank. 
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ANALYSIS AND INTERPRETATION OF RESULTS 
Ten months of pilot plant performance data were collected 
when using trickling fiIter-activated sludge combinations to 
treat primary effluent. The schedule of operation for the 
various combinations observed, along with the location of the 
routine sampling points, was shown previously in Figure 1. 
Results of this study are summarized and discussed in the 
following sections of this report. 
Primary Effluent 
The hourly variations observed in the BOD of the Ames 
primary effluent on three typical days are shown in Figure 8 
and the variations in the raw wastewater flow rate for the 
corresponding days are shown in Figure 9. The routine 
operating procedure at the Ames plant called for returning 
wastewater wet well at a rate of about 1 mgd. This sludge 
return normally was permitted only during the raw wastewater 
low-flow periods from about 2:00 AM to 9:00 AM, and thereby 
somewhat attenuated the large variations in the flow to the 
primary and secondary treatment units. Variations in organic 
loading expressed in terms of percent of the average load for 
the three days of February 2, February 9 and October 30, 1969 
are presented in Figure 10 for both the pilot-and full-scale 
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Figure 8. Hourly trends in the BOD of the Ames primary 
effluent 
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although the flow to the pilot units was held constant, the 
variation in pilot plant loading was similar to the variation 
in actual load applied to the Ames secondary treatment units. 
Because of this situation, the expense and additional opera­
tional problems associated with attempting to keep the flow to 
the pilot units proportional to the actual Ames primary 
effluent flow rate was deemed unnecessary. 
The effects of varying flow rates upon settling tank 
performance and unit hydraulic detention times are recognized. 
Should subsequent work indicate a major difference in variable 
flow and constant flow combined activated sludge-trickling 
filter systems, the results of this study would still be 
applicable. It is a relatively simple procedure to provide a 
constant flow to a treatment process by varying the rate of 
recycle of process effluent in such a way that the raw flow 
rate plus the variable recycle flow rate always equals some 
constant flow rate. 
Trickling Filter Performance 
The performance of the full-scale Ames trickling filter 
was compared to the performance of the pilot trickling filter. 
Beth systems received only primary effluent with the one major 
difference being loading rate. 
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Ames water pollution control plant 
Data reflecting the performance of the Ames secondary 
treatment process during the pilot plant study are presented 
graphically in Figure 11. The primary effluent BOD is plotted 
as the top BOD curve and the BOD of the plant final effluent 
is plotted as the lower BOD curve. Each of these curves 
represents the results of analyses of three 24-hour composite 
samples per week. The variation in the trickling filter 
hydraulic loading rate is presented as the top curve of Figure 
11. Periods when one of the three trickling filters was 
flooded for filter fly control are indicated by a solid line 
just above the abscissa. 
These data shew that the performance of the Ames plant 
trickling filters was quite variable. The final plant 
effluent quality varied from a low BOD of 10 mg/1 during the 
summer period of low strength primary effluent to a high BOD 
of 115 mg/1 during a period of extremely cold weather in 
January of 1970. During this cold period, the rotary distribu­
tors were inoperative for a few days due to ice problems. 
When the rotary distributors were unable to turn, the waste­
water was all discharged on an extremely small area of the 
filter. The true corresponding hydraulic loadings during this 
time were not defined mathematically and therefore not. shown 
in Figure 11. Such tremendous hydraulic loadings are un­
desirable and associated effects are reflected by the very 
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Figure 11. Daily hydraulic load and BOD trends in the Ames 
trickling filters during the pilot study 
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poor treatment results experienced during January, 1970. 
The performance of the Ames trickling filters during the 
pilot study is also summarized in Figure 12 by a comparison of 
BOD load applied versus BOD load removed. These data were 
collected during those days in 19 69 when samples were collected 
simultaneously from both the full-scale and pilot treatment 
units. The BOD applied was based upon the flow and strength 
of the Ames primary effluent, while the BOD removed was 
computed by using the difference in the BOD of the primary 
effluent (trickling filter influent) and the BOD of the plant 
effluent (settled trickling filter effluent). 
As shown in Figure 12, the data were divided into two 
groups. Data collected during filter flooding (or within a 
two-day period following flooding of one of the three Ames 
trickling filters) are plotted as the triangles (22 points) and 
the remaining data (collected three or more days after comple­
tion of the trickling filter flooding cycle) are plotted as the 
small circles (33 points). The three linear regression lines 
(the reader is referred to Snedecor and Cochran (7 3) and Ostle 
(52) for a discussion of regression techniques), therefore, 
reflect the Ames trickling filter performance during or soon 
after filter flooding, the performance several days after 
flooding and the overall performance which is a combination of 
flooded and non-flooded conditions. These data are grouped 
rather well around the "Ten States Standard" design curve (36) 
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Figure 12. Performance of the Ames trickling filter during the pilot study 
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and indicate that filter flooding has an appreciable adverse 
effect on trickling filter performance. The routine three-
times-per-week. sampling procedures were never manipulated in 
an attempt to minimize the recorded effects of filter flooding, 
so the overall performance data includes the consequences of 
flooding. 
The practice of flooding the Ames trickling filters 
during warm weather to control the nuisance psychoda fly 
seemed to overshadow the temperature effects one would expect 
to observe. This fly has a life cycle of about nine days, 
depending upon temperature. By completely flooding (one at a 
time) each trickling filter for 24 hours once every life cycle, 
the larval stage of the fly was killed. 
Filter flooding changes the environment of the organisms 
living on the filter media, and results in completely anaerobic, 
instead of partially anaerobic conditions. This temporary 
change undoubtedly had an undesirable effect on trickling 
filter performance, although no obvious correlations of flood­
ing and performance are present in Figure 11. When the plant 
operator drained the flooded trickling filter, there was a 
sudden surge loading on the final settling tanks. The plant 
effluent contained a high amount of suspended solids during 
this time, and several hours and perhaps days, were required 
for the system to return to the conditions that existed before 
the filters were flooded. 
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Suspended solids trends during secondary treatment at Ames 
are shown in Figure 13. These curves represent the results of 
the routine analyses of samples collected on the days that 
included sampling the trickling filter effluent. (Raw, 
primary effluent, and final effluent were sampled three times 
each week, while primary influent and trickling filter efflu­
ent were sampled only once per week.) Periods of filter 
flooding are again indicated by a solid line just above the 
abscissa of Figure 13. Several periods of filter sloughing 
are obvious in Figure 13, indicating that sloughing was not 
just a once or twice a year occurrence at Ames. The suspended 
solids concentration in the Ames trickling filter effluent 
(operated as a standard rate trickling filter) was usually 
lower than the corresponding value in the essentially high 
rate pilot trickling filter. 
Figure 14 illustrates how temperatures varied during the 
pilot plant study. As shown in Figure 14, there was a sig­
nificant variation in mean daily air temperature at Ames during 
the pilot study. The air temperature plotted in Figure 14 is 
simply the average of the minimum and maximum temperatures 
recorded at the plant during the 24-hour period of 7 AI-Î to 
7 AM. The primary influent temperature was obtained daily (at 
approximately noon) by the Ames plant operator, and is called 
the raw wastewater temperature in the Ames plant records. It 
is not necessarily a raw temperature since it is obtained at 
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the inlet to the Ames plant preaeration and grit removal tanks, 
where the flow is a combination of raw flow and recirculated 
flow. The final effluent temperature was obtained three times 
each day (once per 8-hour shift) by the plant operator. These 
readings were averaged to obtain the daily values plotted in 
Figure 14. 
The low air temperatures of the winter months resulted in 
a cooling of the wastewater as it passed through the wastewater 
treatment plant, and the warm summer and fall air temperatures 
warmed the wastewater as it was treated. Twice during the 
year there were cross-over points where the mean air and waste­
water temperatures were equal. Benzie, Larkin and Moore (9) 
reported that such conditions result in reduced trickling 
filter performance. When air and wastewater temperature are 
equal, there is no driving force to move air up or down through 
the trickling filter media. In addition, most spring, summer 
and fall days have a high temperature that exceeds the waste­
water temperature and a low temperature below the wastewater 
temperature. Such conditions result in two daily cross-over 
points, where air and wastewater temperatures are momentarily 
equal. During these times, air would not be moving through 
the trickling filter media, and performance could perhaps be 
affected momentarily twice each day (See Figure 17). 
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Huang^ made detailed computer analyses of Ames and pilot 
trickling filter temperature and performance data, but was 
unable to demonstrate any subtle temperature effects on 
trickling filter performance- There were obvious gross 
temperature effects when the rotary distributors on the 
trickling filters became inoperative, but temperature effects 
could not be demonstrated with the data collected during normal 
operation. 
Although a temperature effect could not be quantified at 
Ames, temperature is an important variable in trickling filter 
performance and in performance evaluations. Unfortunately, 
there is currently no sound method of including temperature 
in trickling filter evaluations. One critical unanswered 
question is: "Which wastewater temperature should be used; 
the trickling filter influent temperature, effluent tempera­
ture, or some combination of the two?" Many reports concerning 
the effect of temperature on trickling filter performance use 
raw wastewater temperature data which may be significantly 
different from the temperature inside the filter. Also, the 
temperature relationships are constantly changing throughout 
the day, as shown in the pilot filter operation (see Figure 
17) . 
^Jerry Huang, Iowa State University, private 
communication, 19 70. 
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Pilot trickling filter 
The daily trends in the data collected from the pilot 
filter are presented in Figure 15. The top curve reflects the 
BOD of the primary effluent that was applied to the pilot 
trickling filter. This curve is not the same as the top curve 
of Figure 11, since different composite samples were used for 
the Ames trickling filters and the pilot trickling filter. 
Both samples were composited according to the flow at the time 
of sample collection, but the variable full-scale plant flow 
and the constant pilot plant flow resulted in different 24-
hour composite samples for each. 
Depressions in the primary effluent BOD curve during the 
Thanksgiving and Christmas vacation periods are obvious in 
both Figures 11 and 15. They are the result of many students 
being away from Iowa State University for these periods of 
time. The sharp up and down trends are due to the Tuesday-
Thursday-Sunday, or Wednesday-Friday-Sunday 24-hour composite 
sampling cycles. The Sunday samples were typically the lowest 
in strength of the three weekly samples. The variation in the 
hydraulic loading to the pilot scale trickling filter is shown 
by the top curve of Figure 15. In general, the pilot filter 
was loaded at a much higher hydraulic rate than were the full-
scale filters. 
Since there was no settling tank used exclusively with 
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settled for one hour in the laboratory from early June until 
the end of the study, as explained previously. The BOD of the 
settled sample is shown as the lower curve of Figure 15. The 
trickling filter effluent quality was quite variable, but 
appeared to be generally related to the influent quality. The 
difference between the center and lower curves of Figure 15 
illustrates the increment of BOD removed by one hour of 
settling in the laboratory. 
Flooding was not used to control filter flies in the pilot 
trickling filter. These flies, although observed around the 
inside walls of the pilot trickling filter, were not a serious 
problem with the pilot unit, most likely because of zhe 
relatively high hydraulic loading and comparatively small size 
of the pilot filter. 
The low strength of the primary effluent wastewater 
during the summer months could have been due to excessive 
infiltration into the Ames sanitary sewer system. A large 
break was found in a sanitary sewer during the fall of 1969, 
and it appeared that a large amount of surface water had been 
flowing directly into the sanitary sewer for several months. 
Seidel^ reported that this sewer break was apparently the 
cause of irregularities in both wastewater flow and strength 
data collected in 1969. 
"Harris F. Seidel, City of Ames, Iowa, private communica­
tion, 1970. 
98 
Figure 16 presents the suspended solids trends in the 
pilot filter wastewater during the study. Changes in trickling 
filter effluent suspended solid concentrations were often 
associated with an intentional increase in the rate of flow to 
the pilot filter. 
Typical hourly air and trickling filter effluent waste­
water temperature trends observed with the pilot trickling 
filter are shown in Figure 17. There were days when the air 
temperature was always lower than the wastewater temperature. 
Also, there were summer days when the morning air temperature 
was lower than the wastewater temperature, but the air temper­
ature gradually increased to equal and then exceed the waste­
water temperature. In the early afternoon this trend was 
reversed and by late evening the air temperature was again 
lower than the wastewater temperature. The magnitude and sign 
of air-wastewater temperature differentials obviously controls 
the velocity and direction of air flowing through the trickling 
filter. 
Huang's^ analysis of the pilot trickling filter data did 
not show a significant temperature effect on pilot trickling 
filter performance, nor was he able to correlate pilot 
trickling filter performance to hydraulic loading. 
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A linear regression analysis was made of the pilot 
trickling filter BOD load and removal (including settling) 
data, and the best fit straight line is presented in Figure 18. 
This line agrees very closely with the commonly used design 
curve presented in Ten States Standards (36). 
Although direct recirculation was not used with the pilot 
filter, it should be noted that at the Ames plant, as mentioned 
previously, final settling tank underflow was returned to the 
raw wastewater wet well every night. Since final settling 
tank underflow cannot be pumped directly to the digester at 
the Ames plant, this practice was essential for secondary 
sludge removal. The effects of this pseudo-recirculation on 
the Ames and pilot plant performance could not be defined, but 
it was felt to have been of little, if any, significance in 
this study. In any case, the influent to both the pilot and 
full-scale filters included the BOD and SS associated with the 
settled recirculated flow. 
Because of the interest in the TF-A combination, which 
included no intermediate settling of the trickling filter 
effluent, a linear regression analysis was also made of the 
pilot trickling filter influent and unsettled pilot trickling 
filter effluent data. This line, presented in Figure 19, 
indicates that a majority of the BOD removal was achieved in 
the trickling filter itself. Since the flow rates were 
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unlikely that an accumulation of solids in the filter media 
could have been responsible for a significant amount of BOD 
removal. On the contrary, there was most likely a tendency 
for solids to be washed from the filter media in response to 
the periodic sharp increases in flow. 
A comparison of the BOD load-removal relationships 
obtained with the pilot trickling filter-settling combination 
(Figure 18) to that obtained with the pilot filter alone 
(Figure 19) is presented in Figure 20. The vertical distance 
between the two lines represents the BOD that was associated 
with the settleable solids at various loading rates. Although 
such BOD is subject to removal by sedimentation, it was passed 
on to the aeration tank of the activated sludge process in 
the TF-A combination investigated during this study. Whether 
or not the activated sludge process should be given credit 
for the removal of this portion of the total BOD load it 
receives in the TF-A combination is an interesting question. 
Regardless of which process one credits with the removal of 
the BOD associated with the settleable solids, this solids-
related oxygen demand should not be overlooked during the 
design of aeration equipment. 
Ames plant and pilot plant comparison 
There were 55 common full-scale and pilot trickling 
filter sampling days from May through October, 1969. During 
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received the same quality of wastewater under identical ambient 
air but different load conditions. A linear regression 
analysis of each set of simultaneously collected 24-hour per­
formance data was made and presented in Figures 12 and 18. As 
shown in Figure 21, these regression lines are in agreement 
with the "Ten States Standard" performance line (36). Although 
the pilot unit was loaded at much higher rates than the Ames 
plant trickling filters, the performance of each unit was 
essentially what one would predict by using the "Ten States 
Standard" design curve. On the basis of this comparison, it 
appears that the pilot filter was functioning properly, and 
that it was indeed simulating the full-scale Ames trickling 
filters. If meaningful results are to be obtained from a 
pilot study, it is essential that the pilot unit performance 
be similar to its full-scale counterpart. 
If only the non-flooded Ames trickling filter performance 
data (see Figure 12) are compared to the pilot trickling 
filter performance data, the two regression lines are nearly 
identical. Since flooding was never used to control filter 
flies in the pilot trickling filter, this comparison is 
perhaps the most meaningful indication of the equivalent 
performance of the pilot and full-scale trickling filters. 
90- —90 
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Figure 21. Comparison of Ames and pilot trickling filter performance (From Figures 
12 and 18) 
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Activated Sludge Performance 
Another fundamental part of the work was to establish a 
performance baseline for the Oxigest when operating exclusively 
as an activated sludge process. The Oxigest located at the 
Ames water pollution control plant has been used in previous 
research projects (14). It was designed for use as an 
extended aeration plant, but has been operated at conventional 
activated sludge process hydraulic and organic loadings. Its 
performance has been considered typical of activated sludge 
treatment. Although no long-term background data were 
available on the performance of this unit as either a conven­
tional or high-rate activated sludge system, previous operation 
indicated that the Oxigest was capable of producing a high 
quality final effluent when treating primary effluent at 
conventional rates and loadings. 
o-n •f-'Ko Ovi rr^c-H v-m r*r\ TTor*+-on fîiTri r^rr 
study were examined in the same manner commonly used for 
trickling filter performance evaluations, the curve presented 
in Figure 22 was obtained. These data represent the 
performance of the Oxigest when employed exclusively for the 
secondary treatment of primary effluent. Eight of the 
available 24-hour composite sample results were not considered 
in the Oxigest evaluation, since there were obvious operational 
problems with the Oxigest during these times. The data 
presented as Figure 22 were collected during the months of 
PERFORMANCE DURING 
PREVIOUS STUDY^ 
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Figure 22. Pilot activated sludge plant (Oxigest) performance when used exclusively 
for secondary treatment 
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February, March, October, November, December, and January and 
are, therefore, primarily cold weather data. 
Although used extensively for design and operation, 
volumetric loading (lb BOD/day/1,000 cu ft) is not an ideal 
parameter for activated sludge design or performance evalua­
tions. Loading expressed in terms of a ratio of food to 
biological solids is more rational for activated sludge 
processes but not easily applied to trickling filters. Since 
volumetric load and removal data are necessarily used in 
trickling filter work, and because one of the objectives of 
this ^ study was to compare the performance of separate and 
combined trickling filter and aeration tank volumes, the 
volume of biological reactor was selected and used as the 
common denominator. Also, cost comparisons must be based 
upon treatment volume. 
It was observed during the A-TF portion of the study that 
the quantity of air available (17 cfm) was a limiting factor 
in the load the Oxigest could treat satisfactorily. Rather 
than introduce another variable into the study by supplying 
additional air, the air supply was held constant at 17 cfm 
throughout the study. It should be recognized that more air 
and better solids separation in the final settling tank could 
permit much higher activated sludge process loading rates. 
The only 24-hour composite sample collected during 
previous research work with the Oxigest gave a performance 
datum point that essentially fell on the regression line 
Ill 
presented in Figure 22. Previous researchers (14) used 
primarily four- and eight-hour composites for performance 
evaluations. 
The observed Oxigest performance (Figure 22) was con­
sidered to be a conservative representation of what a full-
scale activated process at Ames might be expected to do if 
employed exclusively for secondary treatment. Because of the 
cold-weather bias in the background, or baseline, performance 
data, and because of the oxygen supply and settling tank 
limitations, a full-scale activated sludge system at Ames 
could actually be expected to perform even better than the 
pilot unit. 
Second-Stage Biological Unit Performance 
Due to a reduction in treatability of wastewater as it 
passes through a first-stage process, the performance of a 
second-stage unit in a two-stage biological process commonly 
is expected to be somewhat below the performance of a similar 
first-stage system. Sorrels and Zeller (74), for example, 
reported a BOD removal of only 35 percent in the second-stage 
of a two-stage trickling filter process. The performance of 
the second-stage pilot unit during the current study is 
reviewed below and compared to the first-stage unit perform­
ance which was presented previously. 
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Trickling filter 
A linear regression analysis was made on the trickling 
filter performance data generated during the A-TF portion of 
the study (Figure 23). The best-fit line shown for these data 
reflects the ability of the pilot trickling filter to remove 
additional BOD from the activated sludge process effluent. 
The BOD removal was generally less than 50 percent in the load 
range of 0 to 10 lb BOD/day/1,000 cu ft (Figure 23). As 
loadings were increased from 10 to 20 lb BOD/day/1,000 cu ft, 
the BOD removal percentage also increased. The higher loads 
were in part due to solids that were not removed in the 
settling tank of the activated sludge process. These solids 
and the associated BOD undoubtedly could have been removed by 
improved sedimentation in the activated sludge process. This 
factor is most likely partially responsible for the fact that 
the second-stage trickling filter BOD removal percentages 
observed in the loading range of 10 to 20 lb BOD/day/1,000 cu 
ft were nearly equal to the removal percentages observed in a 
similarly loaded first-stage trickling filter. 
Figure 2 4 presents a comparison of the observed perform­
ance of the pilot trickling filter when operated as a first-
stage unit (Figure 19) and as a second-stage unit (Figure 23) 
used to further treat activated sludge process effluent. It 
is obviously necessary to be able to predict the performance 
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Figure 24. First- and second-stage trickling filter performance comparison 
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of a two-stage biological process. 
As shown in Figure 2 4 ,  when loadings to the trickling 
filter (during the A-TF portion of the study) were below 
approximately 16 lb BOD/day/1,000 cu ft, the performance of 
the trickling filter was below a similarly loaded first-stage 
trickling filter (Figure 19). However, the second-stage 
trickling filter when loaded above 16 lb BOD/day/1,000 cu ft 
removed at least as much of the applied BOD as the equally 
loaded first-stage filter. Relatively high second-stage 
trickling filter loadings were not possible during this study 
because of the low strength primary effluent that was 
encountered throughout the work. Further work, with higher 
strength wastewater and higher second-stage trickling filter 
loadings would be required to clarify the particulate and 
soluble BOD removal capabilities of the trickling filter in 
the A-TF process. 
Activated sludge 
A linear regression line for all available activated 
sludge performance data collected during the TF-A portion of 
the study is presented in Figure 25. The influent to the 
aeration tank during this phase of the study was pilot trick­
ling filter effluent. Since intermediate sedimentation was 
not included in the TF-A combination, there were significant 
amounts of settleable solids in the trickling filter effluent, 
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The relative loading and performance relationships of the 
first- and second-stage activated sludge processes were some­
what similar to the previously discussed pilot trickling 
filter situation. At loadings below 6 0 lb BOD/day/1,000 cu ft, 
the first-stage performance (Figure 22) exceeded an equally 
loaded second-stage activated sludge process (Figure 25), as 
shown by the comparison presented in Figure 26. The slope of 
the second-stage performance regression line was greater than 
the first-stage performance line, and it appears that there is 
no reason to discount the performance of a reasonably loaded 
activated sludge process following a trickling filter. 
Trickling filter-activated sludge comparison 
As shown in Figures 24 and 26, a major reduction in 
treatability was not reflected in the performance of the 
second-stage unit. In trickling filter design, it is common 
to expect a first-stage BCD removal (trickling filter plus 
settling) of between 6 0 and 70 percent, but the second-stage 
unit is often designed for only 50 percent BOD removal (85). 
In 1972, the regulatory agency in Wisconsin^ would permit a 
conventional activated sludge process design based upon a 
loading of 60 lb BOD/day/1,000 cu ft. However, if the 
activated sludge unit was a second-stage process treating 
trickling filter effluent, the design loading was limited to 
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40 lb BOD/day/l,000 eu ft. A need for such limiting criteria 
is not supported by the findings of this study. 
When the first-stage effluent BOD was less than 20 mg/1, 
the performance of the secondary process was rather poor and 
inconsistent; However, when the first-stage effluent BOD was 
equal to or greater than 20 mg/1, the performance of the 
second-stage unit was essentially like its performance as a 
first-stage unit. The data presented in Figures 24 and 26 
suggest that at high loading rates, the second-stage unit has 
a greater BOD removal potential than a similarly loaded first-
stage unit. This same situation may not apply however, to 
two-stage trickling filter processes or to two-stage activated 
sludge systems. The BOD associated with the solids in the 
first-stage process effluent is felt to be the major reason 
that a decreased second-stage treatability was not observed in 
this study. 
A comparison of the performance of the pilot activated 
sludge and trickling filter processes, when serving as second-
stage units, is presented in Figure 27. These performance 
curves were presented individually as Figures 23 and 25. As 
expected, the activated sludge system, per unit of volume, 
removed a greater percentage of the influent BOD as either a 
first- or second-stage process than did a corresponding unit 
of trickling filter volume serving as either a first- or 
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Figure 27. Activated sludge and trickling filter plant second-stage performance 
comparison 
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filter performance and first-stage activated sludge performance 
is included as a part of Figure 29. 
Since the performance of a second-stage unit was not 
demonstrated to be significantly different from the observed 
first-stage performance of this same unit (Figures 24 and 26), 
it appears that from a performance standpoint it does not 
matter which process serves as the first-stage unit and which 
serves as the second-stage system. That is, all other factors 
being equal, the TF-A and A-TF combined processes should give 
approximately the same performance. For example, assuming 
that an activated sludge process is capable of removing 85 
percent of the applied BOD load as either a first- or second-
stage process, and that a trickling filter is capable of 
removing 60 percent of the applied BOD as either a first- or 
second-stage process, it is obvious that the TF-A and A-TF 
combinations will give equivalent results. A relative BOD 
load of 10 0 would be sequentially reduced to 40, and then to 
6 in the TF-A combination; while it would be reduced to 15, 
and then 6 in the A-TF combination. Both combinations would 
thus be capable of approximately 9 4 percent removal of the 
applied BOD load, and the process design decisions would have 
to be based upon something other than system performance 
capabilities. This approximately equivalent performance would 
require a significant second-stage loading to make the assumed 




Data collected during the parallel operation of the two 
biological processes (March, April, May and June of 1969) with 
a common final settling tank are presented in Figure 28. The 
volume of trickling filter plus the volume of aeration tank 
was used as the treatment volume parameter in the expression 
lb 30D/day/l,000 cu ft. The total lb of BOD applied to the 
system daily and removed by the system daily were divided by 
this total biological reactor volume to obtain the loads and 
removals plotted in Figure 28- The pilot system had essential­
ly the same volume in each of the two components, with 289 cu 
ft of trickling filter, and 267 cu ft of aeration tank. Thus, 
approximately 52 percent of the total reactor volume was 
trickling filter, and 48 percent was aeration tank. 
When the parallel performance regression line was com­
pared to the trickling filter only (Figure 18} and the 
activated sludge process only (Figure 22), the parallel 
system data fell extremely close to the activated sludge 
performance line (Figure 29). One would expect that dividing 
the flow between the activated sludge process and the trickling 
filter would produce a level of performance falling midway 
between the observed performance of the two component systems 
when each was serving alone. This was not observed, indicating 
an advantage to combining the activated sludge and trickling 
filter sludge in a common final settling tank. It should be 
90- -90 
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Figure 29. Comparison of overall parallel process performance with activated sludge 
and trickling filter performance 
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noted that the flow and load were not always equally divided 
between the trickling filter and aeration tank during this 
phase of the study. However, at no time was the trickling 
filter organic load less than 43 percent of the total load, 
and at no time was the flow to the trickling filter less than 
45 percent of the total flow being treated. The intent was to 
split the flow equally between the aeration tank and the 
trickling filter during the study, and the flow to the pilot 
trickling filter was maintained within a range of 45 to 54 
percent of the total flow being treated. The deleterious 
effects of trickling filter organisms upon the activated 
sludge process, which were suggested by some investigators in 
the literature reviewed, were not observed in this study. On 
the contrary, a beneficial effect was observed. 
Series TF-A Performance 
The total treatment volume was used to obtain the loading 
and removal data plotted in Figure 30. For example, a BOD 
load of 5.56 lb/day, divided by the total treatment volume of 
556 cu ft (267 cu ft of aeration tank plus 289 cu ft of 
trickling filter), resulted in an overall series TF-A organic 
loading of 10 lb BOD/day/1,000 cu ft. The linear regression 
line describing the performance of each process when serving 
alone (see Figures 18 and 22) is included in Figure 31 for 
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Figure 31. Comparison of overall TF-A process performance with activated sludge and 
trickling filter performance 
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performance was defined in terms of the organic loads and 
removals expressed in units of lb BOD/day/1,000 cu ft. 
The series TF-A arrangement was very stable and effective 
cind a straight line provided a good fit for the overall 
performance data presented in Figure 30. At loadings above 
20 lb BOD/day/1,000 cu ft, the TF-A process was superior to 
the activated sludge process serving alone. Figure 30 also 
indicates that the performance advantage of the TF-A process 
increased as process loads were increased. 
Series A-TF Performance 
Only a limited amount of data were available for defining 
the overall performance of the activated sludge-trickling 
filter series treatment system. This system necessarily 
included two stages (intermediate and final) of settling and 
the available data were collected between December 14, 1969 
and January 15, 19 70. Several operating problems were 
experienced with the Oxigest during this portion of the study 
when very cold weather prevailed. To achieve satisfactory 
activated sludge process operation, the flow and associated 
organic load applied to the aeration tank had to be reduced 
to a relatively low range. However, it appears that more 
oxygen and better solids separation in the activated sludge 
process would permit much higher overall A-TF loadings than 
were possible during the pilot study. 
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The available A-TF series performance data are shown in 
Figure 32 and compared to the performance of each of the two 
systems Csee Figures 18 smd 22) serving alone in Figure 33. 
Only thirteen 24-hour composite samples were available for the 
linear regression analysis of the series activated sludge-
trickling filter performance. 
Overall performance data were not obtained during the 
initial weeks of this phase of the study, since only a portion 
of the Oxigest effluent would flow by gravity to the pilot 
trickling filter. The remainder of the Oxigest effluent went 
directly to waste until a pump was installed to pump the 
entire Oxigest effluent to the pilot filter. 
The settling tank received only conventional activated 
sludge mixed liquor during the A-TF study but received a 
combination of conventional activated sludge and trickling 
filter sludge during the TF-A study. The performance curves 
in Figure 31 suggest that the trickling filter sludge had a 
desirable effect upon solids separation in the final settling 
tank of the TF-A process that was not realized in the A-TF 
study. This, of course, could be clearly demonstrated only by 
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Figure 33. Comparison of overall A-TF process performance with activated sludge and 
trickling filter performance 
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Supplemental Analyses 
A graphical summary of the results obtained during the 
pilot plant study, including the time table for the various 
phases of the work, is presented in Figure 34. This figure 
indicates that the parallel process produced a somewhat higher 
strength and more variable final effluent than either of the 
two series processes. The TF-A process generally produced the 
highest quality final effluent, although the primary effluent 
BOD was extremely low during the first half of the TF-A data 
collection period. It is obvious in Figure 34 that when both 
the hydraulic and organic loads were increased during the TF-A 
study, the final effluent quality remained relatively stable-
During the A-TF portion of the study, the hydraulic loads had 
to be reduced in order to obtain satisfactory operation of the 
activated sludge process. In spite of the relatively poor 
performance of the activated sludge process- the final A-TF 
effluent BOD was generally less than 20 mg/1. It is difficult 
to rank the three processes based upon the data presented in 
Figure 34, but it appears that either of the two series 
processes may have an ability to produce consistently a more 
uniform and lower strength final effluent than the parallel 
process. 
Comparison of BOD and COD load applied and load removed data 
Parallel BOD and COD analyses were made on the PE, A, TF, 
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34. Daily flow and BOD trends during the pilot 
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running both types of analyses, it was felt that laboratory 
problems could be quickly detected and eliminated. One pro­
cedure in effect served as a check on the other. The COD data 
were reduced and analyzed in the same manner (lb COD/day/1,000 
cu ft applied and removed) as the BOD data. A comparison of 
the linear regression analyses of the pilot plant BOD and COD 
performance data is presented in Table 4. The COD data 
generally reflect the same general performance trends as the 
BOD data. 
Curve fit analyses of BOD load applied and load removed data 
A straight line was selected as the best representation 
of the BOD applied and removal data previously discussed in 
this report. Only relatively low organic loadings were 
encountered throughout this study, and a straight line was a 
reasonable representation of the data in most cases, as shown 
"Î "Pt /"vn vo c TQ "IQ *70 0*5 O R Q ^ ^ 
The performance data were analyzed to determine if 
perhaps another curve type would be a better representation of 
the data, and the results of these analyses are summarized in 
Tables 5 and 6. A straight line was the best fit for the 
performance data from both the Ames and pilot trickling filters 
when they were used to treat the Ames primary effluent. The 
overall TF-A performance data were also well represented by a 
straight line. The overall A-TF and parallel performance data 
were best suited to a hyperbolic function of the form: 
Table 4. Comparison of linear regression analyses on pilot plant BOD and COD 
performance data 
Load range, No. Months Units 
Fig. Inter- lb/day/1,000 24-hr data of 
no. cept Slope lOOR cu ft samples collected System load 
?0 1. 08 0. 64 92. 0 6 - 18 55 May,June,July, Ames TF lb BOD 
Aug,Sept,Oct 
19 1. 46 0. 65 98. 4 6 - 89 55 May,June,July Pilot TF lb BOD 
0. 59 0. 48 96. 3 16 - 195 51 Aug,Sept,Oct lb COD 
22 -1. 99 0. 80 94. 3 2 - 21 32 Oct,Nov,Dec, Pilot TF as lb BOD 
-7. 77 0. 65 85. 0 6 - 69 32 Jan second stage lb COD 
21 1. 27 0. 83 99. 1 11 - 60 24 Feb,Mar,Oct, AS lb BOD 
5. 06 0. 66 96. 3 21 - 128 23 Nov,Dec,Jan lb COD 
24 -1. 86 0. 86 99. 5 3 - 61 42 June,July, AS as lb BOD 
-7. 29 0. 81 99. 2 10 - 219 41 Aug,Sept,Oct second stage lb COD 
31 -0. 35 0. 93 99. 9 3 - 46 42 June,July TF-A Overall lb BOD 
-1. 80 0. 84 99. 6 9 - 102 38 Aug,Sept,Oct lb COD 
33 1. 11 0. 85 99. 4 11 - 28 13 Dec,Jan A-TF Overall lb BOD 
0. 15 0. 77 97. 5 27 - 63 13 lb COD 
29 0. 92 0. 80 97. 1 11 - 53 35 Mar,Apr, Parallel lb BOD 
4. 42 0. 68 96. 6 24 - 104 33 May,June Overall lb COD 
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Table 5. Summary of curve fit analyses of pilot plant BOD 
performance data 
Index 
Curve^ of b Best 
System type determination A^ B^ fit 
1 0.847 1.08 0.639 X 
2 0. 802 3.19 0.081 
Ames TF 3 0.829 0.99 0.877 
(55 samples) 4 0.797 14.59 -64.82 
5 0.684 0.26 - 0.011 
6 0.780 1.23 0.012 
1 0.969 1.46 0.65 X 
2 0.840 7.07 0.027 
Pilot TF 3 0.953 0.68 1.00 
(55 samples) 4 0.692 46.64 -429.34 
5 0.446 0.14 - 0.0017 
6 0.866 1.82 - 0.013 
1 0. 845 -2.02 0.811 
Pilot TF as 2 0.824 1.61 0.121 
second stage 3 0.863 0.286 1.31 
(20 samples)^ 4 0.642 14.0 -65.4 
5 0.716 0.437 - 0.0225 
6 0.882 2.31 - 0.0520 X 
1 0.982 1.27 0.826 
2 0.942 9.06 0.0317 
AS 3 0.987 1.05 0,945 
(24 samples) 4 0.800 48.6 -510. 
5 0.837 0.0899 - 0.00140 
6 0.990 1.05 0.00310 X 
1 0.989 -0.976 0.862 
AS as 2 0.945 4.40 0.0492 
second stage 3 0.992 0.702 1.04 X 
(33 samples)c 4 0.775 37.3 -235. 
5 0.801 0.190 - 0.00388 
6 0.980 1.32 - 0.00250 
^See footnote. Table 6, p. 137. 
^Index of determination is the square of the previously 
used correlation coefficient. 
^Only used data collected when first stage effluent BOD 
was equal to or greater than 20 mg/1. 
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Table 6. Summary of curve fit analyses of overall combined 
pilot plant BOD performauice data 
Index 
Curve^ of Best 
System type determination A B fit 
1 0.998 -0.349 0.927 X 
Overall 2 0.926 4.16 0.056,3 
TF-A 3 0.997 0.803 1.04 
(42 samples) 4 0.700 33.2 -157. 
5 0.663 0.210 -0.004,92 
6 0.990 1.22 -0.005,85 
1 0.9889 1.11 0.849 
Overall 2 0.9542 6.41 0.050,3 
A-TF 3 0.9892 1.03 0.959 
(13 samples) 4 0.9544 32.7 -273. 
5 0.8875 0.121 -0.003,12 
6 0.9893 1.08 0.000,877 X 
1 0.943 0.922 0.805 
Overall 2 0.900 7.89 0.036,4 
parallel 3 0.967 0.839 0.998 
(35 samples) 4 0.821 42.2 -444. 
5 0.780 0.102 -0.991,85 
6 0.978 1.23 -0.000,929 X 
Curve types defined as follows; 
V — * JL T> f \ r \  A — ^ \ / / T « w ^ ^  ^ ^  ^  J 4 \ 
2 : Y = A' BX 
,B 
(Exponential Function) 
3 ; Y = AX" (Power Function) 
4 : Y = A + B/X (Hyperbolic Function) 
5 : Y = 1/(A + BX) (Hyperbolic Function) 
6 : Y = X/(A + BX) (Hyperbolic Function) 
Where A and B are constants, and X and Y are the lb BOD/day/ 
1,000 cu ft applied and removed, respectively. 
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Y = X/(A + BX) 
The constant A was a positive number in both cases, but the 
constant B was negative in the parallel performance applica­
tion. The negative B indicates that the hyperbolic function 
has an increasing slope, and thus an increasing percentage of 
BOD was removed as the overall BOD loading to the parallel 
process was increased. This situation may have been true in 
the range of loadings actually observed, but the curve must 
obviously not be extended beyond the loading ranges actually 
observed. 
The overall A-TP performance curve, with the positive 
constant B, has a decreasing slope associated with an increased 
loading. This situation was also observed in the activated 
sludge system performance data, and was interpreted 
as a reflection of the oxygen supply limitation in the 
acrivared sludge process. à BOD load vs rerrioval curve could 
not be extended indefinitely without an eventual decrease in 
slope. However, in the relatively low loading ranges observed 
in this study, the activated sludge performance line would most 
likely not have shown a decreasing slope with increasing load 
if more oxygen had been available. 
The performance data for both the activated sludge and 
trickling filter processes when serving as second-stage 
systems, although different types of curve, showed an 
increasing slope and percentage BOD removal as the loading 
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increased. In the very low loading ranges, the second-stage 
systems were very ineffective, but the performance improved 
significantly as loading increased. This trend indicates that 
on the basis of organic matter removed a second-stage process 
may not be justified following a very efficient first-stage 
system. 
Since a straight line was a reasonable representation of 
all the BOD load vs removal performance data, perhaps the 
curved functions are best interpreted as indicators of possible 
trends that would warrant further investigation. 
Load applied - percent removal data 
The BOD load applied and load removed data previously 
presented in this report as Figures 18, 19, 22, 23, 25, 28, 
30 and 32 were reasonably well represented by straight lines. 
However, since the straight line did not pass through the 
^ ^ ^ J " ^ ^ ^  ^ ^ ^ ^ 3 ^  A W ^ W W ^  O w w «w&wf w ^ ^ WW** w 
removal of the applied load was not simply a constant value 
equal to the slope of the line. The observed relationships 
between BOD loadings and percent removals during the various 
parts of the study are discussed below. 
Trickling filter The performance data for the pilot 
trickling filter (including settling) when used for treating 
primary effluent indicated a relatively poor performance at 
extremely low organic loading rates and they suggest that 
there is possibly an optimum filter loading rate when 
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performance only is considered. This trend (Figure 35) is 
contrary to that of the commonly used National Research Council 
design curve (59, 60) in the low load range. 
The performance of the pilot trickling filter when used 
for treating Ames primary effluent (excluding settling; that 
is, pilot trickling filter influent to pilot trickling filter 
effluent) is presented in Figure 36. By comparing Figures 35 
and 36, it is evident that settling not only increased the BOD 
removal, but it also narrowed, or dampened the wide variations 
in the percentage BOD removal for a given organic loading. 
The performance of the pilot trickling filter as a second-
stage biological process (treating activated sludge process 
effluent) is also shown in Figure 36. This performance as a 
second-stage process (including settling) was observed to be 
rather poor at low loadings, but there was a trend of better 
performance as a second-stage load increased. These data 
perhaps reflect a relatively constant or baseline effluent 
quality regardless of second-stage loading, within the load 
'range of this study. For example, relative influent quality 
(load) could perhaps be 50, 100, or 200 units, and effluent 
quality could possibly be 10 units in each case. Corresponding 
removal percentages would vary from 80 to 90 to 95 percent, 
without realization of an improvement in effluent quality. 
The two curves presented in Figure 36 are of interest since 
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Figure 35. Percentage BOD removal trends with the pilot 
trickling filter (including settling) as a first-
stage process 
100 
PILOT TRICKLING FILTER PERFOHMANCE 
-"A-A—A« FIRST-fTAC€ UNIT (EXCLUDING *ETTLIN6) 
O-O -A3 tECOND-STAOC UNIT (INCLUDING SETTLING) 
(VISUAL BEST fIT) 
10 40 60 «0 












Figure 36. Percentage BOD removal trends with the pilot trickling filter as a first-
stage process (excluding settling) and as a second-stage process 
(including settling) 
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filter performance in the TF-A process to that of the A-TF 
process. 
Activated sludge The performance of the Oxigest when 
treating Ames primary effluent, as shown in Figure 37, 
decreased somewhat as loadings were increased. This figure 
is perhaps also a reflection of the previously discussed oxygen 
supply and settling tank limitations of the Oxigest. 
Figure 38 shows percent BOD removed vs BOD load for the 
Oxigest when it was treating unsettled pilot trickling filter 
effluent. This figure also reflects the poor performance of 
the Oxigest when it was used as a second-stage process at 
relatively low loads. The second-stage Oxigest performance 
increased as load increased until it equaled or exceeded the 
observed performance of an equally loaded first-stage process. 
The settleable solids present in the pilot trickling filter 
effluent were most likely partially responsible for the good 
second-stage Oxigest performance at loadings above 10 lb BOD/ 
day/1,000 cu ft. However, as previously discussed for the 
second-stage trickling filter, increased loadings with 
associated increased BOD removal percentages did not result in 
an improved effluent quality. 
Series performance relationships In either the TF-A 
or A-TF process, it is reasonable to expect that an extremely 
high first-stage BOD removal would be responsible for a low 
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39, there seems to be little justification for using a trick­
ling filter to treat the effluent from an activated sludge 
process removing over 9 0 percent of the BOD from typical 
domestic wastewater. However, as the activated sludge 
performance decreased, the trickling filter's potential in­
creased. The same situation was also observed with the TF-A 
combination (Figure 40) although perhaps to a lesser degree 
since the trickling filter was not capable of the same BOD 
removal efficiency, per unit of volume, that was realized with 
the activated sludge process. 
When one considers Figures 39 and 40, the reason for the 
observed increase in second-stage unit performance that 
accompanied an increase in load (see Figure 23 for pilot 
trickling filter performance as a second-stage unit, and 
Figure 25 for Oxigest performance as a second-stage unit) 
becomes apparent. Since second-stage unit loading was subject 
to increase only by increasing the first-stage unit loading, 
each observation plotted in Figures 23 and 25 was connected to 
a particular first-stage loading. Thus, the BOD removal 
efficiency realized in the second-stage unit was not increased 
simply by increasing the second-stage unit loading. A decrease 
in first-stage BOD removal efficiency was primarily responsible 
for the increase in second-stage BOD removal that was 
associated with increased loadings to the pilot plant. 
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Theoretically/ there would be an infinite number of curves 
similar to Figure 23 for the A-TF process as applied to 
domestic wastewater. Each curve would correspond to a partic­
ular performance level of the activated sludge process. For 
example, an activated sludge process that removed 80 percent 
of the applied BOD load would yield an effluent that could be 
treated at various rates with a trickling filter in the A-TF 
process. Ideally, several different sized trickling filters 
would be required to study the A-TF process, enabling one to 
observe simultaneously the A-TF process with various second-
stage loadings. One could then generate a second-stage 
performance curve for a 70 percent first-stage BOD removal, 
for example, and for any other level of first-stage performance 
of interest. Obviously, this same approach would apply to the 
TF-A process. 
Alternatively, one interested in only the TF-A process, 
for example, could construct a pilot plant with an aeration 
tank volume much smaller than the pilot trickling filter 
volume. He could then sequentially study activated sludge 
performance under various loads by applying various fractions 
of the trickling filter effluent to the aeration tank. Thus, 
for a given level of trickling filter performance, aeration 
tank loads could be increased by increasing the amount of flow 
applied to the activated sludge process. This sequential 
study approach could also be applied to the A-TF process, if 
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one had a relatively large aeration tank and a relatively 
small trickling filter. 
Since this work was concerned with three combination 
activated sludge-trickling filter processes, equal volumes of 
aeration tank and trickling filter were selected as the most 
versatile pilot unit. Although this pilot facility permitted 
an overall evaluation of the parallel, TF-A, and A-TF processes, 
specific design data were not generated. At a given level of 
performance of the first-stage process, second-stage unit 
loadings could not be increased. They could have been 
decreased by applying only a portion of the first-stage 
effluent to the second-stage, but such low second-stage loads 
were not of practical interest. 
Nitrification 
The ability of a treatment process to convert ammonia to 
nitrate (nitrification) is of interest because of various 
regulatory agency stream and/or effluent ammonia standards. 
Although nitrification was not a major concern during the pilot 
study, the nitrification potentials of the parallel, TF-A, and 
A-TF processes were noted in a general way. The ammonia con­
centrations (in units of mg/1 of nitrogen) for each combination 
process influent and effluent are shown for the entire study 
in Figure 41. The hydraulic load variations encountered 
during the various phases of the study are also presented as 
a part of Figure 41. Throughout the study, decreases in 
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Figure 41. Nitrification trends during the pilot study 
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aorcmonia concentration from process influent to effluent were 
accompanied by increases in nitrate concentration. 
Since these data were collected over an extended period 
of time, the effects of temperature, as well as loading rate, 
must be considered when one reviews the nitrification data. 
Nitrification was not complete during the parallel portion of 
the study in the spring of 1969, but nearly complete nitrifica­
tion was obtained during the portion of the study when 
flow rates were below 10 gpm and warm weather prevailed. After 
the pilot plant flows were increased at the end of August, 
significant nitrification was no longer realized with the TF-A 
combination. Throughout the A-TF phase of the study, which 
coincided with the colder weather, significant nitrification 
was not obtained. The nitrification data are inconclusive, 
but a warm-weather nitrification potential is indicated for 
the TF-A process- These data, however, do not necessarily 
indicate the TF-A combination has a greater nitrification 
potential than the A-TF combination because of the large dif­
ference in temperature during the two phases of the study. 
The parallel process would seem to have the least potential of 
the three combinations for providing nitrification, but this 
was not established because of the variable conditions 
experienced during the study. The reader is referred to Figure 




The pilot plauit study indicated a real potential for 
three combination activated sludge-trickling filter processes 
as a means of expanding and upgrading an existing water pollu­
tion control plant. As shown in Figure 34, each combination 
was consistently adDle to produce a high quality final effluent. 
It is reasonable to expect that a full-scale TF-A plant, for 
example, could also consistently produce a final effluent BOD 
in the range of approximately 10 to 15 mg/1 at Ames, Iowa. 
Nitrification is an additional possibility with this combined 
system, although more work is required in this area. 
In this attempt to investigate several trickling filter-
activated sludge combinations in a relatively short study, 
perhaps too many changes in flow rate and other conditions 
were made. This was a recognized danger in this type of work. 
quality of the wastewater flowing to the pilot units. Because 
such changes are a reality to a plant operator, however, the 
data collected during this study should be of value to the 
design engineer. 
A straight line was used to represent the BOD load and 
removal data presented graphically in the previous sections 
of this report, and this work is summarized in Figure 42. As 
shown in this figure, the two series processes produced at 
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Figure 42. Comparison of performance data collected during pilot study 
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per unit of total treatment volume, than was realized with 
either the activated sludge process or the pilot trickling 
filter alone. 
The parallel system performance, which was observed to be 
somewhat below the performance of an activated sludge process, 
has obvious potential for expansion of an existing trickling 
filter plant which is heavily loaded hydraulically by construc­
tion of new aeration tanks and common final settling tanks. 
To double an existing plant's capacity for example, the aera­
tion tanks would need to be approximately half as large as 
those required if the trickling filter was abandoned. Also, 
less aeration capacity would be required, and secondary sludge 
handling problems possibly would be less with the parallel 
process. 
The potential of the TF-A process for treating high-
strength industrial wastewater has been recognized and applied 
in many places as mentioned previously in the literature 
review. This combination has been successful to the extent 
that many designers perhaps feel high-strength wastewater is 
a requirement for using both systems together effectively. 
The experience with the TF-A process during this study was 
significant from the standpoint of the extremely low-strength 
wastewater involved. The combined TF-A process worked just as 
effectively and efficiently with the low-strength wastewater 
as it has with high-strength wastewater in other places. This 
study therefore indicated that the TF-A system has potential 
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for treating typical domestic wastewater. 
The TF-A process requires only one stage of secondary 
settling, since the trickling filter effluent can be passed 
directly to the aeration tank. Also, the trickling filter can 
serve as a shock adsorber, or buffer, for the activated sludge 
process. If nitrification is desired in the second-stage 
system, the activated sludge process has the potential of pro­
viding warm weather nitrification, as shown in Figure 41. 
Intermediate settling may be desirable for maximum nitrifica­
tion with the TF-A system. In the TF-A system, the plant 
operator can regulate the air and return sludge rates as 
required to yield nitrification. However, when the trickling 
filter serves as the second-stage process, these nitrification-
stage operating controls are not available. Unfortunately, 
the TF-A nitrification data obtained in this study did not 
cover the full range of temperatures experienced in treatment 
plants located in the midwest. 
If an existing trickling filter in an overloaded treat­
ment plant has the required volume and hydraulic capacity for 
reducing the design-year load to a reasonably low level, a 
second-stage activated sludge process obviously would require 
much less aeration tank and aerator capacity than would be 
required for a first-stage activated sludge system. The 
associated capital and operating cost savings are obvious. 
However, in some cases, the existing trickling filter could be 
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so heavily loaded that it would have potential for continued 
service only as a part of a parallel or A-TF process. 
The A-TF process may require two stages of secondary 
settling and an aeration tank essentially as large as an 
exclusively activated sludge system. Relatively high concen­
trations of suspended solids in the activated sludge process 
effluent were not harmful to the trickling filter. The light 
flocculant solids passed through the trickling filter without 
creating clogging problems. In the study at San Buenaventura, 
California (13), mixed liquor was applied directly to the 
filter, but the hoped-for flocculation effects were not 
realized. It seems likely, therefore, that two stages of 
secondary settling are required for a successful A-TF process. 
Figure 42 shows that the overall A-TF performance 
(Figure 32) was not significantly different in the low-load 
range from the TF-A performance data presented in Figure 30. 
As suggested in the discussion of second-stage unit performance, 
it seems to make little difference in overall performance which 
is the first-stage unit in a two-stage process. Factors other 
than combined system potential thus appear to be the best 
bases for deciding which system should serve as the first-
stage process, or if in fact a parallel system should be used 
to expand an existing plant. 
As applied to the expansion of an existing trickling 
filter plant, the economics of the combined TF-A and A-TF 
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systems are clearly defined, since the combination systems were 
in both cases found to give better performance per unit load 
than an activated sludge process. If the overall TF-A and 
A-TF performance results had been observed to be less than 
those of an activated sludge system, the economics for a 
particular application would not have been as readily apparent. 
Parallel process performance was found to be below the 
performance of an activated sludge process. If such per­
formance is adequate and the trickling filter is capable of 
additional service, the parallel process also has economic 
advantages. However, if that additional increment of treatment 
beyond the capability of the parallel process is necessary, 
either a series TF-A or A-TF process or an exclusively 
activated sludge process would be required. 
The performance of combination activated sludge and 
trickling filter processes observed in this study indicated 
that such systems have more potential than commonly realized. 
Rather thcin using a combination only as a method of upgrading 
an overloaded treatment plant, it should also be considered 
as an alternative for a completely new treatment facility that 
must consistently treat either high-strength or low-strength 
wastewater. The TF-A plant at Milan, Illinois^ was initially 
•'"William Kersten, Zimmer and Francescon, Moline, Illinois, 
private communication, 1972. 
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constructed as a combination plant, as opposed to the frequent 
expansion of an existing plant by addition of either a 
trickling filter or activated sludge process. 
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APPLICATION OF RESULTS 
There are dangers associated with a research effort in 
which one of the most significant variables, the quality of 
the raw material being studied, is completely uncontrollable. 
Likewise, there are equally serious problems associated with 
studies of pure and controlled substrates, such as glucose 
solutions, when one attempts to extrapolate from the laboratory 
to the actual wastewater treatment plant situation. Both 
types of studies are essential for advances in the field of 
wastewater treatment, and the one area is no more or less 
important than the other. Since results from both types of 
studies (practical and theoretical) are frequently applied 
incorrectly, several of the potential dangers that one must 
face when he seeks to apply the previously discussed results 
for treating domestic wastewater are reviewed below in largely 
c 1 ^ a 4 TTa m 3 V» V, a V 
Design Considerations 
As previously stated, the primary objective of this study 
was to determine whether or not any of three specific activated 
sludge-trickling filter combinations was a feasible alternative 
for expansion of the Ames water pollution control plant in the 
early 1970's. All three combinations were found to have 
economic and performance potentials, but numerous questions 
primarily concerned with design were generated. 
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Parallel 
When nearly equal volumes of trickling filter and aeration 
tank received nearly equal hydraulic and organic loads, 
parallel process performance was nearly the same as an equally 
loaded activated sludge process. The final effluent BOD was 
generally less them 30 rag/1. Since process performance was 
observed only under these conditions of approximately equal 
hydraulic and organic loads to the two nearly equal-sized 
biological reactors, no information was obtained for other load 
relationships. These data could have been obtained by applying 
X percent of the flow to the pilot trickling filter, and (1-X) 
percent of the flow to the activated sludge unit. By varying 
X from 10 to 90 in 10 percent increments, for example, one 
could define the relative advantages of various combinations, 
and thereby determine the most desirable load range for each 
process. Unfortunately, time did not permit such a detailed 
investigation of the parallel process. It seems unreasonable, 
however, to assume that all parallel combinations should have 
equal aeration tank and trickling filter volumes. 
When one considers the parallel process as an alternative 
for expansion of an existing trickling filter plant, plant 
operation flexibility perhaps should be the controlling 
criterion. One must assume thaz there will be days when the 
trickling filters will be out of service for maintenance or 
repair. Under these conditions, the activated sludge process 
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must have sufficient hydraulic and organic load capacity to 
treat the entire flow. 
The design engineer should also consider giving the plant 
operator process options. For example, the same treatment 
units, with a relatively small amount of extra process piping 
and valves, could perhaps be operated as either a parallel 
process, or a series TF-A process. The "split and return" 
process shown in Figure 2 may be a third possibility for a 
particular treatment plant. One potential application of this 
design thinking would be in a community with a relatively 
serious infiltration problem in the wastewater collection 
system. This situation often results in high hydraulic loads 
at the wastewater treatment plant following periods of heavy 
rainfall. The treatment plant would perhaps best serve as a 
TF-A or A-TF process during dry weather periods when a high 
degree of treatment is necessary to protect the stream. 
During wet weather, with high hydraulic plant loads and high 
stream flows, perhaps the plant could be switched to a parallel 
process. 
Should it be found that nitrification is possible with 
either the TF-A or A-TF process, but not with the parallel 
process, the plant operator could possibly switch from the 
parallel to a series process when nitrification is required. 
In extremely cold weather, a series process could possibly 
cool the wastewater enough to cause plant operation problems. 
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This effect, which is of most concern in small communities 
with extremely low night flows, would perhaps be somewhat less 
troublesome to the plant operator with the parallel process. 
The operator of a parallel process has two possibilities 
for splitting the primary effluent flow. He may apply a 
constant flow to one of the biological reactors, and apply the 
balance to the other. Although this system would perhaps 
improve the performance of the constant-flow unit, the relative 
flow variations to the other unit would be magnified. 
Increasing the variability of hydraulic loading could tend to 
make process control much more difficult, especially if the 
aeration tank received the highly variable flow. Although 
there are no supporting data, it seems that the parallel 
process performance would be enhanced by splitting the primary 
settling tank effluent flow consistently between the two bio­
logical reactors. That is, X percent of the primary effluent 
flow should be applied to the trickling filter, and (1-X) per­
cent of the primary effluent flow should be applied to the 
aeration tank. 
TF-A 
The TF-A combination has proven successful in many 
industrial wastewater treatment facilities, as previously 
discussed in the literature review. The trickling filter 
serves as a shock absorber ^ or buffer, and thereby protects 
and compliments the activated sludge process. With extremely 
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high strength industrial wastewater, intermediate settling 
has sometimes been used. However, many industrial TF-A 
facilities have not used intermediate settling. 
The TF-A process was found in this study to have potential 
for treating typical domestic wastewater which has a raw BOD 
of 200 mg/1 or less. Following primary treatment, domestic 
wastewater was consistently and economically treated with the 
pilot TF-A process, yielding a final effluent BOD in the 10 to 
20 mg/1 range. 
As with the design of a parallel process, plant operation 
flexibility should perhaps be the controlling criterion 
during design. The additional cost of providing the plant 
operator with parallel and "split and return" (Figure 2) 
process capabilities is relatively small and should seriously 
be considered in design work. 
When one considers the TF-A alternate for expansion of an 
existing trickling filter plant, he must first predict the 
performance of the existing trickling filters under the design 
loads. "Ten State Standards" (36) has been found to be 
satisfactory for domestic wastewater. 
Knowing the BOD removal potential of the trickling 
filters, the design engineer must then decide whether or not 
intermediate settling tanks should be used. Since inter­
mediate settling was not used in the TF-A research discussed 
in this report, comparative data are not available. This work 
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was concerned with low-strength wastewater, and since there 
are problems involved with the operation of an activated sludge 
process having a low-strength influent, intermediate settling 
was not considered desirable. The BOD associated with the 
settleable solids in the pilot trickling filter effluent was 
perhaps an asset to the activated sludge process in the pilot 
TF-A combination. From a practical viewpoint, this question 
is most likely not a serious trickling filter plant expansion 
design consideration. Since the existing trickling filters 
have associated settling tanks that are probably not suitable 
for use in the proposed activated sludge process, new aeration 
tanks and new final settling tanks must be constructed to 
convert an existing trickling filter plant to a TF-A plant. 
The trickling filter settling tanks can be perpetuated, and 
the operator given the option of using them or not as inter­
mediate settling tanks. During periods of heavy filter 
sloughing, use of the intermediate settling tanks may be 
desirable, but at other times, the process performance could 
possibly be enhanced by bypassing the intermediate settling 
tanks. 
Sizing the aeration tank and aeration equipment is a 
critical part of successful activated sludge design. When one 
considers upgrading an existing trickling filter plant with 
the TF-A process, he must predict the load to the aeration 
tank. Knowing this load, the volumetric BOD load and removal 
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data presented in this report should not be used to size the 
aeration tank. Due to the low strength of the aeration tank 
influent, the load factor approach would most likely indicate 
an aeration tank with only one or two hours of detention time. 
While a given process may operate satisfactorily under this 
condition, it should not be the basis of design. 
The possibility of the trickling filter being out of 
service must be a design consideration. Also, if nitrification 
is desired in the aeration tank, this could be the controlling 
design factor. Aeration equipment adequate for the TF-A 
process, without intermediate settling, should be provided. 
One should most likely not consider using the existing 
final settling tanks at a trickling filter plant for final 
settling tanks in a new TF-A plant. The existing final 
settling tanks as previously mentioned, should instead be 
available as optional intermediate settling tanks in the TF-A 
process, and new final tanks should be provided. The new 
final tanks should be designed conservatively. Attempts to 
save money by providing inadequate final settling tanks can 
lead to overall process failure. 
If pilot facilities are available, it is recomniended that 




The A-TF process has the greatest potential for expansion 
of a trickling filter plant which is extremely overloaded 
organically. In such cases, trickling filter odor problems 
preclude the continued use of the trickling filter for treating 
the entire primary settling tank effluent. 
Plant flexibility should also be given serious considera­
tion in A-TF design, and parallel and "split and return" 
options should be provided if possible. Aeration tank design 
should be based upon the same biological concepts (22, 52) one 
would use in the design of an activated sludge plant. 
Trickling filter performance, in turn, should be related to 
the performance level of the activated sludge process (Figure 
39) . 
Since the critical design questions with the A-TF process 
are concerned with the performance of the trickling filter, 
which is in turn a function of first-stage unit performance, 
pilot facilities should be utilized to develop design criteria 
when possible. 
City of Ames Considerations 
The City of Ames faced a major water pollution control 
decision as this report was being written. Ames has grown 
rapidly, and the water pollution control plant was often 
operating at or above capacity in 1972. The city decision 
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makers must decide whether to upgrade the existing water pol­
lution control plant, or to abandon the existing plant and 
construct a new facility several miles downstream. The 
factors involved in such a decision are primarily intangibles, 
aund these considerations are definitely beyond the scope of 
this report. 
The Ames water pollution control plant, which was built 
in 1950, is not obsolete in 1972. It has potential for 
additional years of service if more capacity is provided 
through an expansion program. Activated sludge-trickling 
filter combinations represent only one of several basic plant 
expansion alternatives, and they will be briefly discussed 
below. Although Ames has been mentioned as the source of the 
following illustrative data, the discussion is intended to 
have general application to existing trickling filter plants. 
If one selects 1995 as a design year for Ames water 
pollution control facilities, reasonable design criteria 
might be as presented in Table 7. These data are presented 
for example discussion purposes only, and there is no intent 
to imply preliminary engineering work, which is beyond the 
scope cf this report. VJhen actual design criteria are 
developed for Ames, they will most likely be considerably 
different from that presented in Table 7. 
After design year loads and flows have been established, 
it is necessary to know the goal of the water pollution 
169 
Table 7. Reasonable 1995 design criteria for Ames water 
pollution control facilities^ 
Flow, mgd BOD, lb/day SS, lb/day 
Average day 9.0 15,000 15,000 
Peak month 12.0 20,000 21,000 
Peak day 18.0 22,500 23,500 
Peak 8-hours 22.0 30,000 32,000 
Peak 4-hours 23.0 32,000 35,000 
^Estimated 1995 population = 70,000. 
control facility. Since the Iowa Water Pollution Control 
Commission had not established either a stream or an effluent 
standard for Ames by 1972, the designer must propose a goal. 
These considerations are also beyond the scope of this 
report, and the interested reader is referred to Dougal's 
(17) work on the Skunk River for an in-depth discussion of 
the Ames situation. For purposes of this report, it is noted 
that the Skunk River is essentially an intermittent stream, 
and at times the Ames water pollution control plant effluent 
represents nearly 100 percent of the stream flow. Therefore, 
it seems reasonable to assume that Ames should have a water 
pollution control plant capable of providing a final effluent 
during periods of low stream flow with not more than 10 mg/1 
of BOD and 10 mg/1 of suspended solids. It is also recognized 
that an effluent containing 25 mg/1 of BOD and 30 mg/1 of 
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suspended solids would be adequate during periods of sig­
nificant stream flow. Nitrification would also be desirable, 
if not essential, during a portion of each year. 
It is therefore proposed that the Ames water pollution 
control plant should have a capability for producing a high 
quality final effluent when necessary, and the flexibility of 
providing a somewhat lower quality effluent when stream flows 
permit. The addition of new activated sludge facilities to 
the existing plant would enable the City of Ames to meet these 
proposed criteria economically. 
Upgrading the Ames water pollution control plant would 
require many common expenditures for improving such processes 
as screening, grit removal, pumping, primary settling, and 
solids handling; regardless of which expansion alternative 
may be selected. Since engineering economic studies (35, 71) 
need be concerned only with differences between alternatives, 
these common expenditure areas will not be considered further. 
If one considers the TF-A combination alternative for 
expansion of the Ames plant, the general design approach would 
be as follows. The Ames water pollution control plant has 
343.700 cu ft of trickling filter media, capable of additional 
service. The design year BOD load of 15,000 lb/day could be 
reduced to 10,0 00 lb/day by conventional primary treatment. 
Applying 10,000 lb BOD/day to the existing Ames filters would 
result in a filter loading of approximately 29 lb/day/1,000 
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eu ft. At this loading, the pilot trickling filter (excluding 
settling, as shown in Figure 19) removed approximately 16 lb 
BOD/day/1,0 00 cu ft, or 55 percent of the applied load, and no 
odor problems were experienced. The activated sludge process 
in a full-scale TF-A plant would thus receive approximately 
4,50 0 lb BOD/day under design conditions. 
One must now decide how large the aeration tank should be 
to treat 4,500 lb BOD/day. As previously mentioned. Figure 25 
should not be used exclusively for design. This figure indi­
cates that the higher the loading to the aeration tank, the 
greater the percentage removal of the applied BOD. The 
reasons for this apparent anomaly were discussed previously. 
If one would select a volumetric BOD loading of 60 lb/day/1,000 
cu ft as the basis for design at Ames, the resulting average 
day aeration tank detention time would be only 1.5 hours and 
peak day detention times would be only 0.75 hours. Although 
the pilot TF-A process performed satisfactorily with only 1.7 
hours of aeration (based upon influent flow only), perhaps a 
TF-A process aeration tamk should not be designed for such 
short aeration times under average day conditions. McKinney 
(53) has stated that there is no advantage to reducing 
aeration times below three hours. It may therefore seem 
reasonable to provide at least six hours of aeration time at 
average day conditions, and thereby provide at least two hours 
of aeration time during the peak 4-hour design flow. It is 
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noted that a 6-hour aeration tank for the average day design 
flow of 9.0 mgd would require a volume of 300,000 cu ft, which 
is nearly equal to the 343,700 cu ft of trickling filter 
volume at Ames. Thus, a full-scale TF-A process at Ames 
should possibly have nearly equal trickling filter and aera­
tion tank volumes, as did the pilot facility. Under these 
relatively conservative design conditions, the average day 
aeration tank loading would be 15 lb/day/1,000 cu ft, and as 
reflected by Figures 25, 38, and 40, one could expect approxi­
mately 80 percent removal of the BOD applied to the aeration 
tank. The final TF-A process effluent would contain an 
average day BOD load of 900 lb, at a BOD concentration of 
approximately 12 mg/1. 
However, as discussed by Lawrence and McCarty (49), 
biological solids retention time is a fundamental parameter 
controlling process efficiency. Thus, if one provides 
adequate final settling and return sludge capabilities, 
aerator detention time need not be a critical design considera­
tion. Assuming one provides adequate solids separation (final 
settling tanks) and adequate return sludge capabilities, it 
seems that an aeration tank with less than six hours of 
detention time under average flow conditions could be pro­
vided with an associated construction cost savings. The 
fundamental advantage of the TF-A process (and also the A-TF 
and parallel processes) is most likely the result of an 
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inherent ability to effectively increase biological solids 
retention time, but further work is needed to establish firm 
TF-A (A-TF and parallel also) design data as a basis for 
making the aeration tank as small as possible. 
Biological growth and decay constants could also be 
defined with further research work at a given trickling 
filter loading permitting one to design the aeration tanks of 
the TF-A process in accordance with the procedures presented 
by McKinney (52) or Eckenfelder (22). 
Aeration tank volume would perhaps be the same for either 
the A-TF or TF-A process, although the TF-A process would 
possibly require a somewhat smaller aeration tank than 
required by the A-TF process. When one considers nitrifica­
tion and the possibility of the trickling filters being out 
of service, the TF-A process does not appear to have a 
significant construction cost advantage over the A-TF process. 
However, since the aeration tank design load would be 10,000 
lb BOD/day in the A-TF process, and only 4,500 lb/day in the 
TF-A process, the TF-A process would have a lower operation 
cost (lower power requirements) than the A-TF process. Thus, 
the TF-A process has an advantage at Ames. 
The parallel process option should also be provided at 
Ames, for use during high flow periods. If this flexibility 
is provided, aeration tank detention times during periods of 
peak flow conld be maintained at a reasonable level. A plant 
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designed for exclusive use as a parallel process does not seem 
feasible at Ames, since a high quality final effluent could 
not be produced during periods of extremely low stream flow. 
A series process would be required to produce consistently the 
desired final effluent quality when required. 
Based upon construction cost levels of June, 1972, it is 
estimated that the Ames water pollution control plant could be 
upgraded and expanded to treat the design loads summarized in 
Table 7 by the TF-A process, including parallel process 
capability, for a cost of approximately $2,500,000. The con­
struction of a completely new activated sludge plant at a site 
approximately five miles downstream from the existing plant 
would have an estimated cost, including outfall sewer, of over 
$7,500,000. 
This general discussion of the combined process potential 
for upgrading and expanding the Ames water pollution control 
plant was intended to point out some of the factors that must 
be evaluated when one considers converting an existing 
trickling filter plant to a combination trickling filter-
activated sludge plant. 
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SUMMARY AND CONCLUSIONS 
A one-year pilot plant study was conducted to determine 
the feasibility of using existing trickling filters in con­
junction with a new activated sludge process for expanding and 
upgrading the Ames water pollution control plant. These two 
processes were observed in a parallel arrangement employing a 
common settling tank, and also as series A-TF and series TF-A 
combinations. Relatively low-strength wastewater (typical 
domestic wastewater) was treated as opposed to the usual 
application of the combined process for treating high-strength 
industrial wastewater. The results indicate that the two 
systems were compatible and that they could be used efficiently 
in various combinations to treat the typical domestic waste­
water received at the Ames, Iowa water pollution control plant. 
The pilot unit performance was evaluated in terms of lb 
BCD applied and removed par day par 1,000/c^ ft of reactor 
volume. A straight line was found to be a reasonable fit of 
the BOD applied vs removal data for the combination processes 
observed. This straight line relationship should not be 
extrapolated beyond the relatively low loading ranges en­
countered during this pilot study since the linear relation­
ship might not hold if loadings were increased indefinitely. 
Both pilot units were observed to perform in a typical 
manner when used as first-stage units. The pilot trickling 
filter plus laboratory sedimentation removed approximately 
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two-thirds of the applied load, and the activated sludge 
process removed approximately four-fifths of the applied BOD 
load. When used as a second-stage biological process (follow­
ing the activated sludge unit), the trickling filter 
performance was somewhat below the performance observed for a 
first-stage trickling filter when receiving loads below 20 lb 
BOD/day/1,000 cu ft. Although no data were available above 
the level of 20 lb BOD/day/1,0 00 cu ft, it appeared that the 
second-stage unit may have had a performance level equal to or 
greater than a first-stage trickling filter in this range of 
higher loads (Figure 24). 
When the activated sludge system was employed as a second-
stage process, the performance was somewhat below that 
observed for a similarly loaded first-stage activated sludge 
unit. As the loadings approached 60 lb BOD/day/1,000 cu ft, 
the difference in first- and second-stage activated sludge 
system performance became relatively insignificant (Figure 26). 
As shown in Figures 39 and 40, second-stage process 
performance was apparently also a function of first-stage 
process performance. Thus, one must not conclude, based upon 
Figures 23 and 25, that the performance of a second-stage 
process could be enhanced simply by increasing second-stage 
volumetric loading. Effluent quality, the true measure of 
process effectiveness, remained relatively constant within the 
load ranges covered by this study. 
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Of the three combination activated sludge and trickling 
filter processes that were observed, the series TF-A combina­
tion appeared to have a slight advantage over the other two 
processes at the Ames plant, as reflected by Figure 34. An 
oxygen supply limitation controlled the loading that could be 
treated successfully in the pilot activated sludge system. 
With a large aeration capability, it is possible that a given 
trickling filter and activated sludge combination, having 
approximately equal treatment volumes in each system, would 
have approximately equal quality final effluents when operat­
ing as either a TF-A or A-TF combination processes. Further 
work with more aeration capacity would be required to establish 
this. Operating costs would, however, be higher with the A-TF 
combination. 
The parallel system was also found to have advantages, 
and the overall performance was nearly equal to an exclusively 
activated sludge process. At Ames, the parallel process 
appeared capable of consistently producing a final effluent 
BOD in the range of 20 to 30 mg/1, while either one of the 
series processes appeared capable of producing a final 
effluent BCD in the range of 10 to 15 mg/1. 
Economic considerations are difficult to quantify, but 
it seems obvious that an existing trickling filter should not 
be abandoned if it is capable of providing additional service. 
If one considers that two units of biological reactor volume 
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are required to produce a desired final effluent, and that one 
unit of trickling filter volume is available without additional 
cost, the economic considerations clearly favor a combination 
trickling filter-activated sludge process. One unit volume of 
activated sludge process reactor is obviously less expensive 
than two unit volumes, and one unit volume of trickling filter 
and one unit volume of aeration tank can together provide 
equivalent or better performance than two unit volumes of 
aeration tank. The economics, therefore, clearly favor 
combination systems. However, since the life expectancy of an 
existing trickling filter is an unknown, the economics of the 
combined process (as applied to an existing trickling filter 
plantÎ become completely a matter of engineering judgement. 
Construction of an activated sludge process for use in a 
combination system, with the realization that the trickling 
filter may fail in five, ten, or fifteen years is not 
necessarily a gamble or high risk alternative. With the 
development of various kinds of plastic media for use in the 
trickling filter process, the trickling filter could be 
renovated or replaced when and if required. Also, the alterna­
tive of abandoning the trickling filter when and if it fails, 
and constructing additional activated sludge process for the 
other portion of the required treatment volume is always 
available. 
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Based upon the literature review and the findings of the 
pilot plant study, the following conclusions are made: 
1. The activated sludge and trickling filter processes 
have been combined in various ways to treat high-strength 
wastewater effectively, but the literature contains conflicting 
reports and opinions, without supporting data, on the merits 
of the various combinations. 
2. Activated sludge and trickling filter pilot plant 
processes were combined effectively in three different ways 
and used successfully to treat low-strength primary settling 
tank effluent at the Ames, Iowa water pollution control plant. 
3. With approximately equal volumes of aeration tank and 
trickling filter, the overall performance of the series 
combination TF-A and A-TF processes was observed to be 
essentially equal to or greater than the performance of an 
equally loaded activated sludge process. 
4. It was possible to treat successfully much higher 
loads with the TF-A process than with the A-TF process under 
the conditions and restrictions of the available pilot 
facility. 
5. The parallel process was observed to provide a 
greater overall performance than could be obtained by simply 
combining the effluents from parallel but completely separate 
activated sludge and trickling filter systems. 
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6. The common settling tank was an advantage in the 
parallel system, and the trickling filter sludge did not have 
an adverse effect upon the activated sludge process in any of 
the combinations that were studied. 
7. The A-TF series process has the greatest potential 
for upgrading a trickling filter plant which is extremely over­
loaded organically. 
8. The TF-A process has the greatest potential for up­
grading an existing trickling filter plant that is not heavily 
loaded, but that is producing an unsatisfactory final effluent. 
9. Second-stage process performance appeared to be 
related to both loading and first-stage process performance. 
10. Nitrification was possible with the combination TF-A 
process during periods of warm weather, but nitrification 
potentials during colder weather were not established during 
the study for any of the three combinations. 
11. The existing Ames water pollution control plant 
could be economically expanded and upgraded by construction of 
a new activated sludge process to serve in either a combina­
tion TF-A or parallel secondary treatment process. 
12. Specific design criteria were not developed during 
the pilot study, but plant operation flexibilities should be 
a major design consideration. 
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RECOMMENDATIONS FOR FUTURE WORK 
No research effort is able to answer more questions than 
it generates, and this pilot study definitely uncovered many 
areas requiring additional work. The following areas of study 
are suggested for future work. 
1. The potentials and limitations of the various 
combinations processes for providing cold weather nitrifica­
tion should be investigated. 
2. The merits of the combination A-TF process with raw 
wastewater as aeration tank influent should be investigated. 
3. The advantages and disadvantages of having an inter­
mediate settling tank in the TF-A process should be 
investigated. 
4. The removal of soluble BOD by the various combinations 
should be determined. 
5. Relative solids handling costs for rhe three processes 
should be studied. 
6. The advantages and disadvantages of two stages of 
trickling filters and two stages of activated sludge should be 
compared to the advantages and disadvantages of trickling 
filter-activated sludge combinations. 
7. The effects of submerged underdrains upon trickling 
filter performance should be investigated, since submerged 
underdrains may be encountered occasionally in specific 
activated sludge-trickling filter combinations. 
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8. Biological growth and decay constants should be 
developed for the design of the activated sludge system in the 
various combinations. 
9. The relationship between second-stage performance 
(dependent variable) and first-stage performance (independent 
variable) should be determined for the TF-A and A-TF process 
for various first stage loadings. 
10. Future laboratory and pilot plant work on the 
combined processes at Ames should be supplemented and confirmed 
by full-scale performance data if possible. 
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APPENDIX A. ABBREVIATIONS 
Abbreviation Meaning 
AM ante meridiem (before noon) 
A y-axis intercept 
BOD 5-day biochemical oxygen demand 
cfm cubic feet per minute 
cfs cubic feet per second 
cm centimeter 
COD chemical oxygen demand 
cu cubic 
° C  degrees Centigrade 
diam diameter 
°F degrees Fahrenheit 
ft feet 
gal gallons 
gpd gallons per day 
gpd/cap gallons per day per capita 






























pounds of 5-day BOD per day per 
thousand cubic feet 
million gallons per day 
million gallons per day per acre 
milligrams per liter 
minutes 
milliliters 
mixed liquor suspended solids 
millimeters 
number 
post meridiem (afternoon) 
pounds per square inch 
coefficient of correlation in 
percent 
revolutions per minute 
square 
suspended solids 
volatile suspended solids 
water pollution control 
BOD applied, lb/day/1,000 cu ft 
BOD removed, lb/day/1,000 cu ft 
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APPENDIX B. RAW DATA 
Table Bl. Parallel process raw data 
BOD 
Date PE TF STF A PE 
3- 9-69 100 40 207 
3-12-69 170 • •  290 
3-14-69 137 71 22 283 
3-16-69 124 - 245 
3-19-69 131 69 20 246 
3-21-69 123 96 15 250 
3-23-69 112 49 27 218 
3—26—69 124 53 12 240 
3-28-69 135 48 14 260 
3-30-69 115 52 13 213 
4 — 2—69 158 71 24 282 
4 — 4 — 69 101 45 13 212 
4— 6—69 59 30 11 137 
4 — 9 — 69 134 60 27 246 
4—11—69 117 55 15 216 
4-13-69 118 57 13 210 
4—16—69 -.37 70 17 245 
4—18—69 112 50 13 202 
4-20-69 100 54 20 -
4-23-69 127 50 12 245 
4-25-69 121 57 14 215 
4-27-69 93 52 23 174 
4-30-69 116 55 21 219 
5- 2-69 117 71 23 206 
5— 4—69 79 40 20 172 
5- 7-69 110 38 28 -
5 — 9 — 69 118 53 19 228 
5-11-69 93 51 16 174 
5—14—69 115 58 25 236 
5—16—69 125 60 27 35 245 
5-18-69 100 47 27 12 202 
COD VSS/SS 
TF STF A PE TF STF A 
128 66 38/58 37/44 4/11 
-
- 69/81 -
173 51 66/85 57/78 12/12 
- - 74/96 -
176 45 63/93 63/100 9/12 
171 57 52/86 50/97 7/14 
141 61 59/66 63/89 19/26 
150 42 63/81 46/67 9/9 
154 57 62/81 38/57 8/9 
140 50 64/72 52/67 11/15 
195 62 85/88 70/78 14/15 
147 53 71/80 56/66 12/12 
96 39 53/59 42/54 9/9 
149 61 67/78 52/66 6/7 
129 36 72/86 55/69 6/7 
154 54 60/77 56/70 6/6 
168 69 67/82 62/85 2/6 
137 45 66/74 54/67 11/11 
— 
- 51/58 39/51 6/8 
141 54 65/76 51/61 6/6 
165 48 64/75 55/69 6/6 
118 36 58/73 50/61 11/11 
124 44 53/67 42/47 3/4 
152 43 61/80 59/69 6/6 
120 58 54/64 60/60 14/15 
— - 55/74 64/64 38/52 
207 51 59/72 49/63 10/10 
123 47 45/55 56/56 8/10 
164 68 66/76 56/72 15/15 
183 90 100 71/88 63/94 18/23 38/40 
128 83 45 52/63 18/53 16/25 1/8 
6- 3-69 95 80 - 46 202 167 
6- 5-69 81 35 14 13 172 104 
6— 8-69 62 41 23 11 126 75 
6-10-69 84 30 15 9 164 98 
6-12-69 86 28 16 8 161 96 
6-15-69 57 24 13 10 118 76 
6—17—69 84 31 18 8 179 107 
6-19-69 80 46 30 23 167 94 
^All data expressed in uni1:s of mg/l. 
— 85 48/61 70/93 - 20/23 
57 45 54/63 40/54 12/14 7/9 
53 23 34/57 40/75 17/30 6/8 
72 50 50/55 31/41 9/10 4/4 
57 37 42/63 27/27 12/12 4/10 
52 40 44/44 24/25 12/12 7/7 
68 46 45/54 36/40 13/16 8/8 
59 41 43/48 32/35 14/14 6/9 
Table B2. TF-A process raw data^ 
BOD COD VSS/SS 
Date PE TF STF A PE TF STF A PE TF STF A 
6-22 69 67 51 36 10 146 89 58 37 46/48 36/42 14/14 8/8 
6-24 69 95 47 35 11 166 69 57 40 55/56 31/34 16/17 8/8 
6-26 69 67 37 23 10 142 83 56 42 57/105 50/50 12/16 12/19 
6-29 69 42 29 14 7 100 63 38 34 48/85 34/65 14/22 11/22 
7- 6 69 43 36 23 8 92 58 38 22 34/34 26/33 8/8 7/8 
7-15 69 30 28 18 5 122 59 70 40 40/40 11/11 7/7 10/16 
7-17 69 57 16 14 3 - - - - 44/47 7/7 5/5 12/13 
7-20 69 44 22 7 8 115 46 41 36 33/34 16/61 5/5 11/16 
7-22 69 75 23 19 3 149 42 46 32 35/45 5/6 4/4 5/6 
7-24 69 61 10 9 4 143 46 30 29 42/46 5/5 4/4 12/16 
7-27 69 49 16 13 7 116 49 53 29 40/62 9/11 7/9 11/18 
7-29 69 68 18 10 5 152 58 50 34 42/42 7/10 3/3 4/5 
7-31 69 63 16 7 4 151 47 45 41 33/37 6/7 4/4 8/13 
8- 3 69 47 12 8 6 112 39 47 36 31/37 9/10 4/4 11/14 
8" 5 69 65 21 15 15 156 50 48 56 40/46 13/15 10/10 20/24 
8- 7 69 62 45 27 12 138 76 20 42 42/54 48/68 14/17 11/20 
8-10 69 40 18 13 10 120 62 48 40 30/37 17/22 13/13 9/12 
8-12 69 72 13 10 8 165 43 35 29 43/54 8/14 5/5 9/14 
8-14 69 62 33 6 5 153 137 65 34 40/49 70/108 15/27 8/19 
8-17 69 52 66 30 8 140 146 82 36 37/39 71/102 23/29 7/8 
8-19 69 69 21 15 6 160 81 62 35 45/53 20/30 9/15 6/8 
8-21 69 73 21 18 7 166 71 60 31 41/49 15/16 11/11 9/9 
8-24 69 67 32 16 7 153 119 67 49 31/31 45/58 17/17 13/17 
8-26 69 69 26 16 4 160 93 63 30 45/59 28/37 12/14 7/9 
8-28 69 65 20 15 4 159 69 61 31 36/47 14/19 9/11 8/8 
8-31 69 69 20 16 5 157 66 63 27 34/41 16/16 12/12 4/5 
9— 2"69 86 32 27 6 208 110 
9_ 4"69 112 37 32 8 239 104 
9- 7-69 83 32 29 6 — 97 
9- 9-69 99 52 45 14 229 157 
9-11-69 100 59 40 8 226 217 
9—14—69 75 54 30 7 180 133 
9—16—69 106 70 44 10 232 162 
9—1G—69 117 82 47 9 246 296 
9-21-69 87 44 32 5 204 129 
9-23-69 118 54 43 6 267 176 
9-25-69 130 68 50 6 285 182 
9-28-69 96 57 36 15 214 157 
9-30-69 120 50 40 12 250 171 
10—2—69 130 52 41 10 270 147 
10-6-69 118 52 34 12 231 165 
10-7-69 114 45 30 9 242 150 
10-9—69 113 45 33 17 248 158 
10-12-69 114 46 32 - 216 138 
10-13-69 106 40 28 17 235 148 
10-16-69 107 50 30 17 244 142 
^All data expressed in units of mg/1. 
93 32 53/59 28/30 16/16 7/9 
94 30 51/62 28/32 17/19 7/8 
89 34 55/65 21/21 18/18 8/8 
118 39 53/67 39/49 22/24 8/8 
95 30 52/60 80/103 25/28 6/6 
75 30 55/93 47/61 17/21 7/7 
116 40 56/71 70/97 26/31 6/6 
140 48 62/70 155/202 21/25 8/8 
99 36 47/57 39/48 21/24 6/6 
125 37 71/78 51/55 30/30 8/8 
145 39 68/78 52/62 30/31 8/8 
117 62 59/66 —/64 28/29 22/22 
120 60 59/67 62/72 25/29 14/16 
130 53 73/80 54/49 32/34 10/10 
136 49 61/72 50/60 25/31 17/21 
104 45 55/65 57/67 26/32 8/12 
115 96 58/70 60/76 30/32 45/57 
98 84 59/68 56/66 21/25 36/44 
107 59 54/65 49/62 20/26 11/15 
105 65 59/68 44/54 19/22 24/28 
Table B3. A-TF process raw da 
BOD^mg/l 
Date PE A TF STF 
10-21-69 132 22 27 12 
10-23-69 120 8 23 13 
10-26-69 92 16 21 12 
10-20-69 133 76 63 16 
11- 2-69 87 32 31 15 
11- 4-69 118 17 16 13 
11— (>—69 120 17 15 13 
11- 9-69 92 38 34 12 
11-11-69 114 36 25 11 
11-13-69 135 37 41 20 
11-16-69 108 20 16 11 
11-10-69 132 21 44 21 
11-20-69 125 24 19 15 
11-23-69 76 37 34 11 
11-25-69 88 11 12 10 
11-27-69 75 12 21 17 
11-30-69 79 31 22 13 
12- 2-69 107 32 27 10 
12- 4-69 113 30 28 14 
12- 7-69 110 19 8 7 
12- 9-69 121 47 29 11 
12-11-69 125 75 38 15 
12-14-69 114 51 46 15 
12-16-69 128 35 27 14 
12-18-69 127 40 40 16 
12-21-69 83 29 16 8 
12-28-69 91 19 29 10 
12-30-69 93 8 10 8 
1- 1-70 83 18 18 8 
1- 4-70 96 11 6 5 
1— 6—70 129 7 13 9 
1- 8-70 154 12 28 11 
1-11-70 127 21 7 8 
1-13-70 124 14 8 8 
1-15-70 135 40 17 9 
PE 
COD, mg/1 
A TF STF PE 
vss/ss; mgTT 
A TF STF 
290 88 136 62 65/78 18/22 58/75 18/23 
214 37 92 57 56/72 4/7 47/61 17/22 
208 71 90 62 51/55 26/26 36/43 16/19 
277 189 154 58 60/73 90/100 75/90 11/13 
196 116 106 64 53/63 46/58 45/53 16/21 
245 70 58 52 60/74 13/15 17/20 10/13 
255 77 51 43 67/88 15/16 15/15 11/12 
206 141 124 141 54/64 54/72 53/68 8/12 
260 135 98 54 68/75 53/58 38/46 13/15 
272 126 136 72 68/86 47/62 72/93 13/20 
226 77 57 45 60/71 16/23 10/12 8/8 
285 86 137 94 71/83 20/24 67/78 20/25 
270 99 72 64 66/83 26/29 17/20 11/12 
184 144 132 62 43/52 63/75 62/74 10/13 
212 69 51 55 48/60 10/12 7/8 8/8 
170 60 67 59 40/48 8/10 14/18 9/11 
197 147 88 56 43/52 34/42 26/32 10/12 
254 121 114 52 66/83 46/52 42/48 9/10 
265 113 107 64 66/76 36/42 42/46 13/13 
248 75 49 51 64/76 18/23 6/7 6/6 
262 182 120 77 77/87 76/87 48/52 16/16 
278 207 124 73 69/81 102/117 52/61 14/16 
247 166 157 68 60/73 64/79 65/78 16/18 
270 123 106 60 70/80 44/50 36/42 13/14 
296 139 140 71 70/84 52/60 58/68 19/20 
201 111 78 55 49/56 42/48 22/25 10/10 
192 88 110 62 53/60 26/33 45/52 14/16 
212 54 53 61 54/71 2/9 7/15 5/9 
203 78 81 53 44/52 24/29 27/32 10/10 
217 53 38 38 52/59 10/12 3/3 2/2 
280 47 61 42 68/82 4/4 12/14 2/2 
302 48 72 48 82/83 4/4 25/25 3/3 
245 75 42 38 73/86 27/30 4/8 4/8 
263 66 63 61 72/89 13/15 5/7 6/10 
267 133 68 62 76/89 54/63 20/21 12/12 
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APPENDIX C. FLOW, STRENGTH, AND LOAD 
VARIATION DATA 










Primary Ames plant 
effluent BOD load. Percent Pilot plant, 
flow, lb/day of average percent of 
mgd load average load 
10-30-69 8 AM 28 2.9 1.0 3.9 910 17 22 
Thursday 10 AM 78 5.4 0 5.4 3,509 64 62 
12 N 144 5.5 0 5.5 6,597 121 114 
2 PM 129 5.3 0 5.3 5,695 104 102 
4 PM 238 5.0 0 5.0 9,913 181 189 
6 PM 161 5.0 0 5.0 6,706 123 128 
8 PM 127 5.4 0 5.4 5,713 105 101 
10 PM 220 5.3 0 5.3 9,713 178 174 
12 M 173 5.5 0 5.5 7,926 145 137 
10-31-69 2 AM 104 5.1 0 5.1 4,418 81 82 
Friday 4 AM 75 4.0 1.0 5.0 3,124 57 59 
6 AM 38 3.3 1.0 4.3 1,361 25 30 
TOTAL 1,515 65,585 
AVERAGE 126 5,465 100 100 






















2-18-69 10 AM 110 4.9 0 4.9 4490 72 61 
Tuesday 12 N 190 5.1 0 5.1 8072 129 106 
2 PM 245 5.0 0 5.0 10,204 163 136 
4 PM 305 4.4 0 4.4 11,179 178 170 
6 PM 200 4.2 0 4.2 6,997 111 111 
8 PM 175 4.5 0 4.5 6,560 104 97 
10 PM 240 4.2 0 4.2 8,397 134 134 
12 M 210 4.2 0 4.2 7,347 117 117 
2-19-69 2 AM 160 3,5 0 3.5 4,665 74 89 
Wednesday 4 AM 155 2.0 1.0 3.0 3,873 62 86 
6 AM 95 1.5 1.0 2.5 1,978 32 53 
8 AM 70 1.7 1.0 2.7 1,574 25 39 
TOTAL 2,155 75,336 
AVERAGE 180 6,278 100 100 
Table C3. Comparison of pilot plant and Ames plant load variations on Sunday, 
2-9-69 





















2-9-69 10 AM 65 2.6 1.0 3.6 1,949 41 43 
Sunday 12 N 100 4.3 0 4.3 3,582 75 66 
2 PM 170 4.3 0 4.3 6,089 127 111 
4 PM 215 4.2 0 4.2 7,522 157 141 
6 PM 235 3.8 0 3.8 7,439 156 154 
8 PM 185 4.0 0 4.0 6,164 129 121 
10 PM 170 4.2 0 4.2 5,948 125 111 
12 M 165 4.1 0 4.1 5,635 118 108 
2—10—69 2 AM 160 3.5 0 3.5 4,665 98 105 
Monday 4 AM 155 2.0 1.0 3.0 3,873 81 102 
6 AM 110 1.4 1.0 2.4 2,199 46 72 
8 A 100 1.7 1.0 2.7 2,249 47 66 
TOTALS 1,830 57,314 
AVERAGE 152 4,776 100 100 
